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Spin-resolved scanning tunneling microscopy (STM) image (width: 
51.6 nanometers) of single magnetic skyrmions (gray) and a few 
remaining spin spiral lines in a bilayer of Pd/Fe on top of an Ir(111) 
surface. The magnetic STM tip is sensitive to the out-of-plane 
magnetization component of the sample. Skyrmions can be created 
and annihilated locally by injecting spin-polarized currents from 
the STM tip. See page 636. 
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Millimeter-wavelength observations locate 
the carbon monoxide condensation line 
within the disk around a young planet- 
forming star. 


A Quantum Many-Body Spin System in an 
Optical Lattice Clock 

M. J. Martin et al. 

A one-dimensional lattice of pancake-shaped 
clouds of ®’Sr atoms is used to realize a 
strongly correlated system of spins. 


Writing and Deleting Single Magnetic 
Skyrmions 

N. Romming et al. 

Spin-polarized currents delivered by a 
scanning tunneling microscope can be used 
to create and destroy spin whirlpools. 


A Semi-Floating Gate Transistor for 
Low-Voltage Ultrafast Memory 

and Sensing Operation 

P.-F. Wang et al. 

An embedded tunneling field-effect transistor 
speeds switching by varying the voltage 
threshold of the main gate electrode. 


Active Atmosphere-Ecosystem Exchange 
of the Vast Majority of Detected Volatile 
Organic Compounds 

J.-H. Park et al. 

Many volatile organic compounds emitted by 
vegetation are actively exchanged between 
plants and the atmosphere. 


Social Influence Bias: A Randomized 
Experiment 

L. Muchnik et al. 

A social news aggregation Web site was used 
to test whether prior ratings influence others 
to create bias in rating behavior. 


Pluripotent Stem Cells Induced from 
Mouse Somatic Cells by Small-Molecule 
Compounds 

P. Hou et al. 

A proof-of-principle study reports somatic 
reprogramming to the pluripotent state using 
small-molecule compounds. 
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Nuclear Pore Scaffold Structure Analyzed 
by Super-Resolution Microscopy and 
Particle Averaging 

A. Szymborska et al. 

The localization of individual components of 
the nuclear pore complex was dissected using 
information from thousands of pores. 
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Uptake and Salinity Tolerance 
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D.-Y. Chao et al. 

Certain thale cress plants collected in the wild 
contain a duplicated genome and can cope 
with salty soil. 


Spatial Dynamics of Chromosome 
Translocations in Living Cells 

V. Roukos et al. 

An experimental system allows the 
visualization of human cell chromosome 
translocations in real time. 


Real-Time Dynamics of RNA Polymerase II 
Clustering in Live Human Cells 

I. 1. Cisse et al. 

A single-cell quantitative method reveals 
changes in the distribution of proteins with 
single-molecule sensitivity. 

>> Perspective p. 621 


The Hologenomic Basis of Speciation: 
Gut Bacteria Cause Hybrid Lethality 

in the Genus Nasonia 

R. M. Brucker and S. R. Bordenstein 

Speciation may be a collective property of an 
organism and its microbiota. 
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Cell Cycle Controls Myeloid Differentiation 
H. Y. Kueh et al. 

Regulation of cell cycle length is a feedback 
mechanism that controls cell fate decisions in 
developing macrophages. 


T Follicular Helper Cell Dynamics in 
Germinal Centers 

Z. Shulman et al. 

Tracking individual cells reveals that 
immunological T cell help is shared 
between immune B cell germinal centers. 
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Epigenetic modifications and their po- 
tential changes during development 
are of high interest, but few studies 
have characterized such differences. 
Lister et al. (p. 629, published 
online 4 July; see the Perspective 
by Gabel and Greenberg) report 
whole-genome base-resolution analy- 
sis of DNA cytosine modifications and 
transcriptome analysis in the frontal 
cortex of human and mouse brains 
at multiple developmental stages. 
The high-resolution mapping of DNA 
cytosine methylation (5mC) and one 
of its oxidation derivatives (ShmC) at 
key developmental stages provides 
a comprehensive resource cover- 
ing the temporal dynamics of these 
epigenetic modifications in neurons 
compared to glia. The data suggest 
that methylation marks are dynamic 
during brain development in both 
humans and mice. 


Strongly Correlated Clocks 


Optical lattice clocks with alkaline earth atoms 
provide one of the most stable time-keeping 
systems. Such clocks, in general, exhibit shifts in 
their transition frequencies as a consequence of 
interactions between atoms. Can this sensitiv- 
ity be used to explore the dynamics of strongly 
correlated quantum systems? Martin et al. (p. 
632) used a 1-dimensional optical lattice clock 
to study quantum many-body effects. Whereas 
the clock shift itself could be modeled within the 
mean field approximation, quantities such as 
spin noise required a full many-body treatment. 
This system may be useful for the quantum 
simulation of exotic magnetism. 


Help Shared 


Germinal centers are specialized structures 
within lymph nodes, where B cells undergo 

the changes required to produce high-affinity 
antibodies. This process relies on T follicular 
helper (Tfh) cells. The dynamic properties of Tfh 
cells and how they affect the selection of B cells, 
however, are not well understood. Using 
two-photon laser scanning microscopy of 
mouse lymph nodes, Shulman et al. (p. 673, 
published online 25 July) find that Tfh cells are 
not restricted to a single germinal center, but 
instead emigrate into neighboring germinal 
centers within the same lymph nodes. Further- 
more, newly activated T cells can enter already 
established germinal centers and presumably 
influence ongoing B cell selection and 
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Epigenetic Brainscape 


differentiation. Such active movement may 
ensure maximal diversification of the B cell 
response and promote the production of high- 
affinity antibodies. 


Faster at the Gate 


Advanced designs will be needed to continue to 
improve the performance of the main compo- 
nents of high-speed computing, metal-oxide 
semiconductor field-effect transistors (MOSFETs) 
and floating-gate (FG) MOSFETs. Wang et al. 
(p. 640) fabricated a semi-floating gate (SFG) 
transistor in which a tunneling field-effect 
transistor couples the positively doped floating 
gate to the negatively doped drain region. The 
charge stored on the SFG was used to shift the 
voltage threshold for switching the transistor, 
which in turn sped up its operation and lowered 
the power consumed. These devices were used 
for ultrahigh-speed memory and in light sensing 
and imaging. 


Two-Way Street 


Most studies of volatile organic compounds 
(VOCs) found in the atmosphere, which play 
important roles in atmospheric chemistry, have 
concentrated on dominant species such as 
isoprene. There are thousands of other classes of 
VOCs, and how they are exchanged between the 
biosphere and the atmosphere is unclear. Park 
et al. (p. 643) measured the fluxes of more than 
500 types of VOCs using a highly sensitive type 
of mass spectrometry and an absolute value 
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eddy covariance method. The majority of these 
species were actively exchanged between the 
atmosphere and the biosphere, with more than 
a quarter showing net deposition. These results 
should help to improve air quality and global 
climate models, and strengthen our understand- 
ing of atmospheric VOC chemistry. 


Promoting Pluripotency 


A specialized mammalian cell can be set back to 
the pluripotent state either by transfer of the so- 
matic cell nucleus into an oocyte or by delivery of 
exogenous pluripotency-associated transcription 
factors. Hou et al. (p. 651, published online 18 
July) developed an approach to induce pluripo- 
tency in somatic cells using a cocktail of small 
molecules. The ability to generate such chemically 
induced pluripotent stem cells may provide an 
alternate route for therapeutic cloning and for 
drug development in regenerative medicine. 


Solar Snow Lines 


Models of the formation of our solar system 
have suggested that condensation lines, or snow 
lines—the distance from a star beyond which 

a gas or a liquid can condense into the solid 
phase—are favorable 
locations for planet for- 
mation. Taking advan- 
tage of the increase of 
N,H* abundance in cold 
regions where CO con- 
denses out of the gas 
phase, Qi et al. (p. 630, 
published online 18 
July) used the Atacama 
Large Millimeter/Submillimeter Array to image 
the CO snow line in the disk around TW Hya, an 
analog of the solar nebula from which the solar 
system formed. This disk’s snow line corresponds 
to Neptune's orbit in our solar system. 


Microbes —> Host 
Speciation? 


No living organism is an individual—an individu- 
al's microbiota can outnumber the host's somatic 
cells. Working in parasitoid wasps, Brucker and 
Bordenstein (p. 667, published online 18 July) 
now suggest that the gut microbiota can play a 
crucial role in speciation and hybrid lethality. In 
a clade of parasitoid wasps, interspecies hybrids 
survived when reared on antibiotic-treated 

sterile food (thus eliminating gut microbiota), 
but experienced high mortality when reared on 
conventional diet or host material. 


9 AUGUST 2013 


591 


Downloaded from www.sciencemag.org on August 8, 2013 


TAL. 


itt 


CREDIT: ROUKOS 


Additional summaries 


Controlled Polymers 


Nature has achieved exquisite sequence control 
in the synthesis of polymers like DNA. In con- 
trast, synthetic polymers rarely have the same 
fidelity in their chemistry or uniformity in chain- 
length distribution, especially when more than 
one monomer is involved. Lutz et al. 

(p. 628) review the progress that has been 
made in making sequence-controlled polymers 
of increasing length and complexity. These 
developments have come from both advances in 
synthetic chemistry methods and the exploita- 
tion of biological machinery. 


Double Is Not Trouble 


The doubling of the genome to create polyploidy 
is common among land plants, and most major 
flowering plant lineages exhibit some history of 
genome duplication. However, the physiologi- 
cal advantages of a doubled genome are not 
well understood. Chao et al. (p. 658, published 
online 25 July) identified accessions of the 
model plant Arabidopsis thaliana with naturally 
doubled genomes and found that the cytotype 
of the root, but not shoot, in these natural, as 
well as in artificially induced, polyploid plants 
appears to confer increased salt tolerance by 
regulating leaf potassium levels. 


Controlling Skyrmions 


Magnetic skyrmions—tiny vortex patterns of 
spins—hold promise for information storage 
because of their robustness to perturbations. 
Skyrmions have been observed experimentally, 
but manipulating them individually remains a 
challenge. Romming et al. (p. 636; see the 
cover) used spin-polarized electrons generated 
by a scanning tunneling microscope to reversibly 
create and destroy skyrmions in a thin iron film 
covered by a layer of palladium. The energy of 
the tunneling electrons was the decisive factor 
determining the probability of the process; atomic 
defects in the film acted as pinning sites for the 
skyrmions. The work demonstrates the feasibility 
of using spin-polarized tunnel currents for the 
controlled manipulation of individual skyrmions. 


Follow the Leader? 


The Internet has increased the likelihood that 
our decisions will be influenced by those be- 

ing made around us. On the one hand, group 
decision-making can lead to better decisions, but 
it can also lead to “herding effects” that have 
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resulted in financial disasters. Muchnik et al. (p. 
647) examined the effect of collective informa- 
tion via a randomized experiment, which involved 
collaboration with a social news aggregation Web 
site on which readers could vote and comment on 
posted comments. Data were collected and ana- 
lyzed after the Web site administrators arbitrarily 
voted positively or negatively (or not at all) as the 
first comment on more than 100,000 posts. False 
positive entries led to inflated subsequent scores, 
whereas false negative initial votes had small 
long-term effects. Both the topic being comment- 
ed upon and the relationship between the poster 
and commenter were important. Future efforts 
will be needed to sort out how to correct for such 
effects in polls or other collective intelligence 
systems in order to counter social biases. 


Poring Over the 
Nuclear Pore 


The nuclear pore is a macromolecular complex 
that traverses the paired membranes of the 
nuclear envelope through which a variety of 
nuclear protein and RNA cargoes must traffic. 
Szymborska et al. (p. 655, published online 
11 July) combined super-resolution microscopy 
with single-particle averaging to localize the 
proteins that make up the structural scaffold of 
the nuclear pore complex with a precision well 
below one nanometer. These molecular positional 
constraints clarified contradictory models for the 
structure of the nuclear pore and demonstrate 
that the structural organization of protein com- 
plexes can be studied by light microscopy in situ 
in whole cells. 


Pol II Micro Clusters 


In higher eukaryotes, messenger RNA (mRNA) 
synthesis is thought to involve foci of clustered 
RNA polymerase II (Pol Il) called transcription 
factories. However, clustered Pol II have not 
been resolved in living cells, raising the debate 
about their existence in vivo and what role, if 
any, they play in nuclear organization and regu- 
lation of gene expression. Cisse et al. (p. 664, 
published online 4 July; see the Perspective by 
Rickman and Bickmore) developed single- 
molecule in vivo analyses revealing the distribu- 
tion and dynamics of Pol II clustering in living 
cells. Pol II clusters were smaller than the dif- 
fraction limit (<250 nm). Transient dynamics of 
the Pol II clusters, and correlation with changes 
in transcription, pointed to a role in transcrip- 
tion initiation rather than in elongation. 
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Chromosome Choreography 


Chromosome translocations arise through the 
illegitimate pairing of broken chromosome ends 
and are commonly found in many cancers. 
Roukos et al. (p. 660) used ultrahigh-through- 
put time-lapse imaging on human tissue culture 
cells containing marked chromosomes to capture 
very rare translocation events. Double-strand 
breaks in the DNA underwent an initial “partner 
search,” with a 
fraction of the ends 
moving into spatial 
proximity to each 
other, which re- 
sulted in persistent 
pairing and the 
merging of DNA 
repair foci. Most 
paired ends arose 
from breaks in close 
proximity, but occasionally translocations formed 
from more distantly positioned breaks. Proteins 
of the DNA repair machinery could influence the 
pairing and/or translocation process. 


A Different Cycle for 
Differentiation 


The regulated expression of transcription fac- 
tors determines cell fate decisions during cell 
differentiation. The transcription factor PU.1 is 
an important determinant in the differentiation 
of hematopoietic progenitors to lymphocytes or 
myeloid cells, where high expression induces 
macrophage differentiation, whereas low expres- 
sion leads to the development of B lymphocytes. 
How PU.1 expression levels are regulated during 
this cell fate choice, however, is not well under- 
stood. Kueh et al. (p. 670, published online 18 
July) found that in mice, reduced transcription 
of PU.1 led to its reduced expression in develop- 
ing B lymphocytes, whereas in macrophages, 
PU.1 was able to accumulate stably because of a 
lengthening of the cell cycle. Exogenous expres- 
sion of PU.1 in progenitors supported cell cycle 
lengthening and macrophage differentiation, 
and mathematical modeling suggested that such 
a feedback loop could maintain a slow-dividing 
macrophage developmental state. 
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Preparing for Disasters 


DISASTERS ARE INEVITABLE AND CAN STRIKE ANYWHERE AT ANY TIME. WHETHER IT’S A NATURAL 
event (such as a hurricane, flood, or earthquake), a disease pandemic, or a purposeful or 
accidental human action (such as an act of terrorism or fire), the consequences can be wide- 
ranging and devastating. Scientifically trained personnel often play vital roles in emergency 
response and recovery efforts. Under the right circumstances, they can mobilize research 
to better understand the nature of the event and how best to respond to similar events in the 
future. But the scientific community also needs to plan carefully for disaster preparedness 
and mitigation for its own infrastructure and resources.* 

Disasters can produce long-term setbacks for science when they affect research facilities, 
as was the case when Hurricane Sandy struck the U.S. East Coast in 2012; when the 2011 
earthquake, tsunami, and nuclear plant explosions happened in Japan; when the 2010 earth- 
quake hit Haiti; or when Hurricane Katrina flooded New Orleans 
in 2005. In addition to damaging expensive research buildings 
and equipment, such disasters can wipe out experimental records, 
samples, voucher specimens, and unique laboratory animals that 
may have taken years or even decades to develop. Researchers and 
lab support staff may be confronted with the difficult choice of risk- 
ing their own lives to save valuable experiments and equipment on 
which their careers depend. No amount of insurance coverage can 
compensate for the time lost to duplicate the interrupted work or the 
loss of valuable and shareable scientific resources. Furthermore, the 
population in the surrounding area can be placed in harm’s way if 
toxic or dangerous chemicals or biological agents are inadvertently 
released or left unprotected. 

One example of a scheme for disaster planning and response is the 
U.S. Department of the Interior’s (DOI’s) Strategic Sciences Group 
(SSG).¢ First deployed during the 2010 Deepwater Horizon oil spill and more recently for 
Hurricane Sandy, the team’s methodology has been codified into DOI operations to pre- 
pare for and respond to disasters of all sorts and could be extended to include a research 
institution’s own disaster preparedness planning. At the core of the SSG’s activities is sce- 
nario development: What are the cascades of consequences that might occur as the disas- 
ter unfolds, with approximate probabilities of those chains of events? What interventions 
could be mobilized to prevent the most damaging effects? With this type of strategy, a lab 
could plan for the most likely disasters and for rare events with large impacts. This approach 
also facilitates deciding how to invest in disaster mitigation. Interventions that both prevent 
losses when frequent events happen and short-circuit the after-effects of rare but severe 
occurrences would clearly be prioritized over interventions that would only mitigate dam- 
ages from a rare event. 

A consideration in any incident response plan should be whether and how best to mobi- 
lize research efforts that can help increase understanding of both the nature of the event and 
its outcomes, and to determine how well crisis response efforts have worked. These analyses 
are essential for improving future emergency preparedness, response, and recovery. There 
are many reports of cases where vital data have been lost when governmental and local insti- 
tutions have been poorly prepared to enable timely, well-designed, and effectively executed 
studies in the midst of, and after, an emergency. 

The number of multibillion-dollar disasters is on the rise, and no part of the globe is out of 
the reach of one sort of disaster or another. The recent disasters and their consequences should 
be a signal that every research institution and its constituent laboratories should begin discus- 
sions, if they haven’t already, on how to prepare for the worst, as the worst clearly can happen. 

— Marcia McNutt and Alan Leshner 
10.1126/science.1244097 


*See the special series “Global Quake Risk” at www.sciencemag.org/extra/quakerisk. +G. E. Machlis, M. K. McNutt, Science 
329, 1018 (2010). N. Lurie, T. Manolio, A. P. Patterson, F. Collins, T. Frieden, NW. Engl. J. Med. 368, 1251 (2013). 
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MOLECULAR BIOLOGY 
Open to Repair 


The information stored in DNA underpins almost 
all life. It is therefore not surprising that there are 
multiple systems for rapidly sensing and repairing 
damage to genomic DNA within cells. The repair 
systems in eukaryotic cells have necessarily had 
to evolve to be able to correct such damage in the 
context of the chromatin proteins—principally 
histones—that compact DNA in the nucleus. 
Toiber et al. have studied the role of the SIRT6 


% Ge ees 


histone deacetylase in the response of mamma- 
lian tissue culture cells to double-strand breaks 
in DNA. They find that SIRT6, which can bind to 
chromatin, interacts with the histone remodeling 
protein SNF2H and recruits it to sites of double- 
strand DNA breaks. The dual abilities of SIRT6 to 
deacetylate histone H3 at lysine 56 and to recruit 
SNF2H are necessary for DNA repair to occur 

and provide further evidence that remodeling 
chromatin to allow access by the repair machinery 
is critical for an effective DNA damage response. 
Both proteins act in the same DNA repair path- 


www.sciencemag.org SCIENCE VOL 341 


CHEMIST 


copithnes in Their Natural Habitat 


Over 50 years ago, Ronald Breslow suggested that thiamin may adop 
a short-lived reactive carbene structure—with a divalent carbon center 
stabilized by flanking sulfur and nitrogen—during the enzymatic reac- 
tion cycle of vitamin B1. In the interim time, chemists have synthesize 

a huge range of stabilized cyclic carbenes, most of which are derived 
from imidazole (with two flanking nitrogens) rather than thiazole frame- 
works. These N-heterocyclic carbenes, or NHCs, are frequently stable and 
possible to isolate and have been applied as ligands in transition-metal 
catalysts. They are also versatile catalysts in their own right. Nonetheless, 
the question of whether thiamin itself reacts as a catalytic carbene in 
native context has remained open. Meyer et al. present a high-resolution 
(1.06 A) crystal structure of pyruvate oxidase with bound phosphate (an 
unreactive analog of the pyruvate substrate), and the associated thiamin 
molecule shows clear evidence of carbene character. The carbon center 
in question appears to be deprotonated while lacking the excess electron 


density indicative of a carbanion. — JSY 


way, and their interaction shows tissue specificity, 

in the pancreas and brain, possibly consistent 

with the role of SIRT6 in brain function. — GR 
Mol. Cell 51, 10.1016/j.molcel.2013.06.018 (2013). 


MATERIALS SCIENCE 
Nanoparticle Transformers 


On the nanometer scale, small metal nanopar- 
ticles behave neither like atoms nor a bulk mate- 
rial, and hence their properties can be tuned by 
changing the sizes of the particles, which makes 
them of broad research interest. When used for 
catalytic purposes, they are often placed onto a 
supporting substrate, and both it and the presence 
of absorbed atoms may further alter the nanopar- 
ticle properties. Li et al. studied the structure of 
platinum nanoparticles in the size range of 0.6 
to 5 nm by using a combination of transmission 
electron microscopy, x-ray absorption fine- 
structure spectroscopy, and first-principles calcula- 
tions. In studying over 3000 nanoparticles, they 
were able to distinguish between noncrystalline 
and crystalline ones. They found that there was 
not a single size that marked the transition be- 
tween the two. Rather, the transition was a statisti- 
cal one, with the potential for both ordered and 
disordered particles of a certain size to coexist. The 
coexistence size region was found to be dependent 
on the nature of the substrate and the amount of 
H, adsorbed. The authors believe that this effect is 
general for late 5d transition metals. — MSL 

J. Am. Chem. Soc. 10.1021/ja405497p (2013). 
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IMMUNOLOGY 
Reining in Responses 


In response to infections, dendritic cells acquire 
microbial antigens and present them to T cells, 
and this leads to the induction of adaptive im- 
munity. Although the dendritic—T cell interac- 
tion is essential to turn on the innate immune 
response, this interaction must also be turned 
off (or at least turned down) so as to avoid an 
overly aggressive response, as is observed in 
allergy and chronic inflammatory diseases. Car- 
rera Silva et al. describe one such off switch that 
operates in mice and humans. Upon engage- 
ment of antigen-laden dendritic cells, T cells 
increased the expression of protein S (Pros1), 
which is a ligand for TAM-family receptor tyro- 
sine kinases, which are expressed by dendritic 
cells. Conditional deletion of Pros1 in T cells in 
mice demonstrated that Pros1 was essential to 
keep dendritic cell activation in check, and the 
dendritic cells in these mice expressed more cy- 
tokines and activation markers. The loss of Pros1 
on T cells in mice also led to worsened colitis 
and enhanced T cell-mediated immunity in vivo. 
Prosi expressed on T cells did signal through 
TAM receptors; the deletion of TAM receptors in 
dendritic cells phenocopied mice with a T cell— 
specific deletion of Pros1. A similar expression 
and function of Pros1 were seen in human T 
cells, suggesting that this negative regulatory 
mechanism is evolutionarily conserved. — KLM 
Immunity 39, 160 (2013). 
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Rome 1 


Animal Research Limits 

Stun Scientists 

The Italian Parliament approved a bill on 
31 July that puts drastic limitations on ani- 
mal testing. Scientists have warned that 
the provisions, voted by the Senate earlier 
this month, will severely hurt biomedical 
research in their country. 

The bill is Italy’s implementation of a 
European directive adopted in September 
2010, but the Italian law goes far beyond 
the restrictions imposed by the directive. 
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Off limits. Activists win a victory in Italy: The Parlia- 
ment approved a bill to limit animal testing. 


The law bans breeding dogs, cats, and non- 
human primates for research purposes, 

or using them for any other purpose than 
health research; studies without pain killers 
or anesthesia, if the animal may experience 
pain (unless these are themselves the subject 
of the study); and using animals in studies of 
addiction, xenotransplantation, and for train- 
ing purposes (except in higher education for 
veterinarians and physicians). 

Scientists, who rallied around the country 
earlier this summer to defend their research, 
haven’t yet given up hope that the measures 
will be canceled; the Italian government has 
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yet to sign off on the law and may refuse to 
do so. Ilaria Capua, a former avian influenza 
researcher who is now a member of Parlia- 
ment, says that the government is commit- 
ted to avoiding severe restrictions on animal 
research. http://scim.ag/Italyanimals 


Moscow 2 
Russian Physics Institutes 
Merger Draws Fire 


Physics research in Russia is on the cusp of 
a major transition. The government plans to 
consolidate several large scientific institutes 
into a single entity that proponents say will 
make it easier to fund major new facili- 
ties. Earlier this year, 15 institutes signed an 
agreement forging a partnership on mega- 
class research facilities. Then, just before 
elections to choose a new Russian Academy 
of Sciences (RAS) president in May, out- 
going academy president Yuri Osipov and 
Kurchatov Institute Director Mikhail 
Kovalchuk wrote to Russian President 
Vladimir Putin asking him to transform 
the partnership into a separate body. Putin 
ordered the government to work out the legal 
framework for the new body by 1 September. 
However, some physicists decry what 
they believe to be the latest government 
maneuver to undermine the embattled 
RAS, which is fighting for its identity as 
the government moves to strip it of control 
of its lucrative real estate assets. 
http://scim.ag/Russiamerge 


Bethesda, Maryland 3 
HeLa Genomes Back Online 


Five months after it was yanked offline, the 
HeLa genome is again available for research. 
The U.S. National Institutes of Health (NIH) 
in Bethesda, Maryland, announced on 
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Famous cells. Henrietta Lacks’s family is allowing 
HeLa genomes to be available to researchers. 


7 August in Nature that the descendants of 
Henrietta—Lacks, the woman whose tis- 
sue was used—without her permission—to 
establish HeLa, the most widely used cancer 
cell line, gave the go-ahead to researchers to 
study its genetic sequence. 

A team from the European Molecular 
Biology Laboratory in Heidelberg, Ger- 
many, published a HeLa genome sequence 
and an analysis of its content on 11 March, 
but took the data offline the same day in the 
face of harsh criticism for not getting per- 
mission from the Lacks family. NIH-funded 
researchers had also just sequenced a HeLa 
cell line, so the agency began negotiating 
with the family. “We have crafted a path that 
addresses the family’s concerns, including 
consent and privacy,” Francis Collins and 
Kathy Hudson, NIH director and a deputy 
director, respectively, write in Nature. Sci- 
entists must now apply for access to both 
teams’ genomes (the second was published 
in Nature this week), and resulting papers 
must include an acknowledgment to Henri- 
etta Lacks “and the continued generosity of 
her family.” http://scim.ag/HeLagenomes 


NEWSMAKERS 


Handelsman Named to White 
House Post 


On 31 July, Yale Uni- 
versity microbiologist 
Jo Handelsman was 


f 


nominated by Presi- Ls — 
dent Barack Obama to 

be associate director = 

for science at the White 

House Office of Science Handelsman 
and Technology Policy 

(OSTP). If confirmed, she would succeed 
physicist Carl Wieman. 


http://scim.ag/Handelsman 


Q: Why did you say yes? 
J.H.: Because [OSTP Director] John Holdren 
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Setting Sail for Science 


Last week, the Schmidt Ocean Institute’s newly refitted Falkor—named for the heroic 
“Luck Dragon” of The Neverending Story—docked in San Francisco, California, for the 
first time. The institute, a nonprofit ocean research organization founded in 2009 by 
Google Chairman Eric Schmidt and wife Wendy, refitted the 32-year-old, 83-meter- 
long vessel to make it available to researchers to use for free for ocean exploration. 
Following extensive field trials, the ship began its scientific cruise program this year. 

A little more than a week before the ship's appearance at the city’s Exploratorium, 
officials from the U.S. National Oceanic and Atmospheric Administration met with 
scientists and technology companies such as Google and mapping software company 
Esri to discuss how public-private partnerships can further a national plan to map the 
United States’ oceans, a plan in which Falkor will take a part. 


asked me. Next to the president, he’s one of 
my favoritest people. This is an opportunity 
to work at a pretty high level on a national 
agenda, with a team of people who are 
deeply committed to science. 


Q: Carl focused on STEM education. Will you? 
J.H.: John and the president see STEM edu- 
cation as a high priority. But the breadth of 
science not covered by the other directors 

at OSTP, including basic research across all 
fields, would certainly also be a large part of 
my portfolio. 


Q: Will you be taking leave from Yale? 
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planning to come back. I’m in the middle 
of my research career and I don’t want to 
lose that. 


Space Walker to Lead NOAA 


The first American woman to walk in space 
has been tapped to become the head of the 
National Oceanic and Atmospheric Admin- 
istration (NOAA). President Barack Obama 
on | August nominated Kathryn Sullivan, 
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now NOAA’ acting 
administrator, to fill the 
post vacated in Febru- 
ary by marine scientist 
Jane Lubchenco. 

Outsiders like the 
pick. “She will enjoy 
respect and strong sup- 
port from the academic 
and commercial sectors,” predicts Tom 
Bogdan, president of the University Corpo- 
ration for Atmospheric Research in Boulder, 
Colorado. A geologist, Sullivan, 61, is best 
known for being one of the first six women 
selected by NASA for astronaut training in 
1978. She flew on three shuttle missions. 
This will be her second stint at NOAA; she 
served as the agency’s chief scientist from 
1993 to 1996. 


Sullivan 


FINDINGS 
Just a Cup for Pregnant Moms? 


Moderate caffeine consumption—one to 
two cups a day—doesn’t promote pre- 
mature births or miscarriages or harm fetal 
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THEY SAID IT 


“Projects cannot offer 
genetically modified 
organisms as a reward.” 


—Crowd-funding website Kickstarter 
stating a policy change, effective 

31 July, on the heels of a successful 
fundraiser to genetically engineer glow- 
ing plants for home lighting. The pitch 
offered the plants’ seeds as rewards to 
online backers. 


growth, according to a 2010 review. But a 
new study in mice suggests that at larger 
doses, caffeine can impair memory. 
Caffeine can block the activity of 
adenosine, a neurotransmitter that acts as 
a brake on neuronal firing and makes us 
sleepy. Carla Silva, a neuroscientist at the 


Buzzkill. A new study in mice suggests that caffeine 
could influence fetal brain development. 


University of Coimbra in Portugal, used 
caffeine to study how adenosine affects 
fetal brain development. During mam- 
mals’ development, GABA neurons, which 
help regulate the brain’s flow of informa- 
tion, migrate to the hippocampus, key to 
memory and learning. 

Silva and colleagues gave female mice 
caffeine-laced water—enough to mimic a 
human drinking three to four cups of cof- 
fee a day—prior to pregnancy, through- 
out pregnancy, and during nursing. Six 
days after birth, the drug-exposed pups 
had 41% fewer GABA neurons in the hip- 
pocampus, the team reports this week in 
Science Translational Medicine. The pups’ 
GABA neuron numbers caught up a few 
months later, but they performed poorly 
on memory tests and were more suscep- 
tible to seizures. Still, the findings may not 
hold in humans, Silva says: “This study 
is not enough to give advice to pregnant 
women.” http://scim.ag/coffeepreg 
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Embezzlement Casts Harsh 
Light on China's Grant System 


BEIJING—A highly decorated water 
researcher at one of China’s leading aca- 
demic institutions has been ensnared in an 
unfolding embezzlement scandal. Chen 
Yingxu, executive vice president of Zhejiang 
University’s College of Environmental and 
Resource Sciences in Hangzhou, told gradu- 
ate students to forge false receipts, invoices, 
and contracts in order to divert funds from 
hefty government research grants for his 
personal use, state media reports allege. 

After a months-long investigation by 
China’s National Audit Office and a closed- 
door hearing in March, a detailed report 
on the charges surfaced last week in China 
Youth Daily—igniting intense scrutiny 
in the Chinese media and blogosphere. If 
confirmed, the sum allegedly diverted— 
up to $1.6 million, or 10% of a hefty water 
research grant—would make Chen’s case a 
remarkably egregious example of grant mal- 
feasance, says Qin Boqiang, an ecologist 
at the Nanjing Institute of Geography and 
Limnology of the Chinese Academy of Sci- 
ences (CAS). As a consequence, observers 
predict, the curtain will come down quickly 
on a laissez-faire era of grant management 
here. Chen’s prosecution will have a “pro- 
found influence on China’s research cul- 
ture,” predicts Zhu Guangwei, a biochemist 
at the Nanjing institute. 

Until the audit office took interest, Chen 
led a charmed career. After receiving a Ph.D. 
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from Zhejiang Agricultural University in 
1990, he became a versatile researcher with 
a long list of publications on food security, 
environmental biochemistry, and water and 
soil pollution. A director of the China Soci- 
ety of Environmental Sciences, he received 
prestigious funding from the National Nat- 
ural Science Foundation of China (NSFC) 
and from China’s National Basic Research 
Program. His seat on the Chinese People’s 
Political Consultative Conference, a high- 
powered network of political, business, and 
academic insiders appointed by the Com- 
munist Party to advise the central govern- 
ment, secured his status among the coun- 
try’s scientific elite. 

Chen’s fall from grace apparently started 
in 2008, after he was awarded a $16 million 
grant from China’s environment ministry 
to study water-pollution remediation and 
management in the Lake Tai (Taihu) water- 
shed. In recent years, Tai, in eastern China, 
has become a poster child for environmen- 
tal calamity, having suffered periodic pea- 
green algae blooms triggered by agricultural 
runoff and industrial effluents (Science, 
2 September 2011, p. 1210). It’s unlikely 
that improprieties in Chen’s study hampered 
efforts to clean up the Tai watershed, which 
is slowly improving after local factories a 
few years ago were ordered to move their 
operations away from the lake, Zhu says. 

Details of the case against Chen are 
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Skimming the green stuff. Embezzled funds were 
meant to probe how to clean up algae at Lake Tai. 


murky. According to Chinese press reports, 
he steered large chunks of research money 
to two companies operated or owned by his 
graduate students, with the funds ending up 
in his pocket. 

Chen’s lawyer, Dai Menghua, has main- 
tained to Chinese media that Chen’s case 
emerged during a routine audit of Zhejiang 
University and that his client has returned the 
money. “From Chen Yingxu’s perspective, 
this matter was resolved a long time ago,” 
Dai told China Youth Daily. “He doesn’t 
know why it has turned into a criminal 
offense.” Reached by Science, Dai declined 
to comment. As Science went to press, Zhe- 
jiang University had not commented on the 
case, other than to confirm that Chen is the 
target of a probe. 

Chen’s alleged misdeeds have taken few 
Chinese researchers by surprise. The charges 
against him are the latest in a string of cor- 
ruption stings launched in many spheres of 
society since Xi Jinping took over as China’s 
president in March. And this is not the first 
high-profile case to roil the scientific com- 
munity. Last year, Duan Zhenhao, a geo- 
physical chemist here at CAS’s Institute of 
Geology and Geophysics, was sentenced to 
13 years in jail after a court convicted him of 
fraudulent use of grant money; his wife told 
the Chinese press he was lavishing research 
funds on a mistress. A rising chorus inside 
and outside of China’s government has been 
calling for tighter controls on how research 
funds are managed. 

Fiscal responsibility has become more 
challenging as China’s R&D budget rises; 
the $36 billion that the central government 
spent on science and technology last year 
was second only to the United States. Rapid 
budget growth has far outstripped the abil- 
ity of research managers to properly over- 
see the money, says Cao Cong, an expert on 
Chinese science policy at the University of 
Nottingham in the United Kingdom. How 
grants are actually spent is a “black box,” he 
says. In early August, NSFC President Yang 
Wei publicly vowed that his agency would 
take greater initiative in reining in scientific 
misconduct in grant management and cur- 
tailing “moral” hazard. The basic research 
agency has at least one skeleton in its closet: 
In 2004, NSFC accountant Bian Zhong was 
convicted for embezzling $2 million. 

Zhu, who did his doctorate work under 
Chen, notes that just a few years ago, when 
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Chen received the whopping $16 million 
grant, supervision of how funding was 
spent was “not very serious” at most labs 
and universities. Many projects “[didn’t] 
use the money strictly according to the bud- 
get,” he says. It’s common for scientists to 
apply for funds for one purpose and then 
use them for a different one, though usu- 
ally without criminal intent: Researchers 


PALEOCLIMATOLOGY 


often fudge budget line items to pay sti- 
pends to graduate students, for instance, 
which would otherwise be forbidden under 
some grants. 

Pillorying Chen could be a sign that the 
government is seeking to tighten the reins 
on research spending. Budget auditing has 
become more intense in the past couple of 
years, Zhu notes: Research institutions are 


NEV 


becoming “more and more strict.” But the 
ultimate solution to China’s woes may be a 
more transparent grant distribution and moni- 
toring system, Cao says. Until then, the cor- 
ruption scandal poisoning the waters around 
Lake Tai is unlikely to be the last mess in need 
of cleanup in China’s scientific community. 


—CHRISTINA LARSON 
With additional reporting by Ma Qionghui. 


How to Make a Great Ice Age, Again and Again and Again 


For more than 30 years, climate research- 
ers have been trying to figure out how slight 
changes in Earth’s orbit could drive the major 
climate events of the last million years: the 
great ice ages. The long-standing idea that 
a rhythmic stretching of Earth’s egg-shaped 
orbit around the sun every 100,000 years 
paces the growth and decay of continent- 
sized ice sheets has survived all challenges. 
But this orbital variation by itself is far too 
weak to actually drive the buildup and decay 
of the ice sheets. 

Now, a group says that it has found an 
answer by building what many say is the 
best computer model of the ice ages yet. 
The researchers have confirmed that the 
100,000-year cycle amplifies the influence 
of a second orbital cycle: the 23,000-year 
wobble of Earth’s spin axis. The new model- 
ing also suggests that each time around, the 
sheer mass of the North American ice sheet 
doomed it to its distinctively abrupt end. 
“They’re getting the global [glacial] cycles 
pretty convincingly” in the new model, says 
climate researcher Shawn Marshall of the 
University of Calgary in Canada. “They’re 
getting lots of things that previous studies 
haven’t been able to capture before.” 

As paleoclimate modeler Ayako Abe- 
Ouchi of the University of Tokyo and her 


= colleagues reported in this week’s issue of 
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Nature, they indirectly linked a full-blown 
global climate model of the sort used to 
forecast global warming with a reasonably 
complex model of the northern ice sheets. 
They drove the climate model with data on 
the changing distribution of sunlight around 
the globe that resulted from the orbital vari- 
ations and with the swings in atmospheric 
carbon dioxide, a greenhouse gas, that were 
recorded in ice cores as the ice ages came 
and went. Then they fed snapshots of the 
changing climate into the ice sheet model. 
When compared with the behavior of the 
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real ice sheets, the combined models per- 
formed well. The simulated ice sheets grew 
in the same places and at a similar pace as 
the real ones. Over tens of thousands of 
years, they slowly expanded to volumes 
as large as seen in the past. Then, roughly 
every 100,000 years, they collapsed in a 
matter of a few thousand years. “It’s doing 
it all on its own” without contrived climate 
forcings or grossly simplistic processes in 


123,000 years before present 


20,000 years before present 


1000 years before present 


About right. A model simulates slow ice-sheet 
growth from minimum (top) to maximum (middle) 
and a collapse (almost) back to minimum (bottom). 
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the model, says paleoclimatologist Maureen 
Raymo of the Lamont-Doherty Earth Obser- 
vatory in Palisades, New York, an author on 
the Nature paper. More work needs to be 
done, Abe-Ouchi writes in an e-mail, but “of 
course I have a strong intuition and confi- 
dence that it was OK.” 

The success of the model allowed Abe- 
Ouchi and her colleagues to point to two pro- 
cesses that they believe are key to a realistic 
glacial cycle. One is the interaction of the 
23,000-year and 100,000-year cycles. For 
almost 100,000 years, they keep incoming 
solar energy low enough during the sum- 
mer in northern high latitudes to let winter 
snows survive summer heating and pile up 
into ice sheets. But periodically, an increas- 
ing 100,000-year cycle combines with a ris- 
ing 23,000-year cycle to give added summer 
warmth in high northern latitudes. 

At that point the other key factor comes 
into play: the vast mass of the North Amer- 
ican ice sheet, which spread from coast to 
coast and well south of Chicago. It reached 
so far south that, when the two orbital cycles 
conspired to warm northern summers, the ice 
began to melt back around its edges. 

In the meantime, though, the ice sheet’s 
huge weight had pressed it a kilometer or 
more into the solid Earth. So it was melting 
back deeper and deeper into a hole, where 
the atmosphere gets warmer with depth. 
This warming feedback is the primary rea- 
son the model ice sheet melts away so rap- 
idly, the authors say. 

“This is the best so far, a really nice 
advance, because they’re using more compre- 
hensive models,” says paleoclimate modeler 
David Pollard of Pennsylvania State Univer- 
sity, University Park. The next step—a direct, 
interactive link between sophisticated climate 
and ice sheet models—must “wait for greater 
computer power to become available.” 

—-RICHARD A. KERR 
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France Cordova Brings Management Expertise to NSF 


Opting for solid management skills over a 
soaring scientific vision, President Barack 
Obama last week nominated France Cordova 
to succeed Subra Suresh as director of the 
National Science Foundation (NSF). 

Cordova, a 66-year-old astrophysicist, has 
led Purdue University and the University of 
California (UC), Riverside, and is now chair 
of the Board of Regents of the Smithsonian 
Institution. She got her start in Washington 
20 years ago when NASA Administrator Dan 
Goldin asked her to make sure all NASA pro- 
grams “were infused with science.” 

The choice of Cordova hands the job to 
someone much more likely to complete the 
NSF director’s 6-year term than a rising aca- 
demic star such as Suresh. And it hints at a 
desire to return to a more consen- 
sual style of leadership within the 
$7 billion agency and across the 
scientific community, which is 
applauding Obama’s choice. “I’m 
trying to think if there has ever 
been an NSF director with more 
impressive credentials,” says M. R. 
C. Greenwood, retiring president 
of the University of Hawaii and a 
top science official in the Clinton 
administration. 

Suresh shook up NSF during 
his 29 months as director before 
leaving this spring to become pres- 
ident of Carnegie Mellon Uni- 
versity. Arriving from the Massa- 
chusetts Institute of Technology, 
where he was dean of engineering, 
Suresh launched initiatives to fos- 
ter innovative research, entrepre- 
neurship, and international collab- 
orations and tinkered with NSF’s organiza- 
tional structure. 

Those aggressive moves received mixed 
reviews from the scientific community, how- 
ever. They also raised the hackles of Senator 
Barbara Mikulski (D—MD), chair of the Sen- 
ate Appropriations Committee, who wants 
them scaled back in favor of bread-and-butter 
research programs. 

Cordova, who is expected to sail through 
Senate confirmation, says that she is prepared 
to deal with a daunting fiscal environment. 
“Every time I’ve had a leadership position 
there have been big budget concerns,” she 
told Science in an exclusive interview from 
her home in Santa Fe. “At Riverside, we had 
huge cuts from the state. At Purdue, we had to 
regroup after the global recession and do all 
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sorts of restructuring. Would I like to see the 
federal investment in research grow? Abso- 
lutely. ... But I’m not worried about navigat- 
ing budget constraints. It’s part of every job.” 

Cordova will also be called upon to mend 
fences with Congress. This spring, Repre- 
sentative Lamar Smith (R-TX), who chairs 
the science committee of the House of Rep- 
resentatives, launched a surprise attack on 
NSF’s vaunted peer-review system. NSF 
also faces a congressional mandate to 
restrict funding for political science, part 
of an ongoing campaign by some congres- 
sional Republicans to halt NSF’s support for 
social science research. 

Cordova will be the second woman to lead 
NSF in its 63-year history, following micro- 


NSF-bound. France Cordova speaks at Purdue University in 2007 after 
being named its first female president. 


biologist Rita Colwell, who was director from 
1998 to 2004. And it will be the first time 
women have held both of NSF’s top jobs, as 
Cordova teams with longtime NSF adminis- 
trator Cora Marrett, now deputy director. 

Breaking gender and ethnic barriers was 
never one of Cordova’s goals. “It’s not some- 
thing I think about,” she says. Neverthe- 
less, Cordova made a splash in 2007 when 
she became the first woman to lead Purdue, 
and also when she was chosen as UC River- 
side’s first Latina chancellor in 2002. And she 
admits that her perspective has changed as 
she has gotten older. 

“I’ve become more aware of myself as 
a role model,” she says. “And to the extent 
that people can see themselves in me—as a 
woman, as part of a large family [she’s the 
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oldest of 12 children], or as a Hispanic, then 
I think that’s a wonderful thing. Still, I’d also 
like to be a role model for anyone who wants 
to pursue a career in science.” 

Colleagues say that Cordova has been 
successful over the years by laying outa clear 
strategy and then getting others to buy into 
her plans. “France excels at setting a tone in 
which people feel appreciated, and not tol- 
erating bad behavior,” says Anne Petersen, 
a developmental psychologist at the Univer- 
sity of Michigan, Ann Arbor, who has known 
Cordova since the two were at Pennsylvania 
State University, University Park, where 
Cordova was chair of the astronomy depart- 
ment. Although several years removed from 
the bench, Cordova designed an experiment 
for the European Space Agency’s 
X-ray Multi-Mirror Mission that is 
still generating data 14 years after 
it was launched. 

“She has an I-beam as a spine,” 
says Goldin, now CEO of The 
Intellisis Corp. in southern Cali- 
fornia, about Cordova’s 3 years as 
chief scientist. “But she is able to 
lead by convincing people, not bul- 
lying them.” 

Those qualities may help quiet 
some of the grumbling within NSF 
stemming from what was seen as 
Suresh’s top-down management 
style, including his decision to 
reassign several offices that reported 
directly to him. “She’s familiar with 
the bottom-up approach of a uni- 
versity, and I think she’ll listen to 
staff?’ says Arden Bement, who pre- 
ceded Suresh as NSF director and 
who returned to Purdue as a faculty member 
in 2010. Bement, who recently retired, says 
that Cordova earned the respect of students 
by addressing their concerns and won over 
faculty members by attracting top talent and 
raising the university’s international ranking. 

Asked why she took a job that several 
prominent scientists had declined, Cordova 
admits that she had some “qualms” before 
saying yes. “One has qualms when you get 
up in the morning or when you get into your 
car and there’s a storm brewing,” she laughs. 
“But this is a good time for me. I’ve had the 
chance to lead a couple of wonderful univer- 
sities. I’ve had a chance to do some exciting 
research, and I’m at a point in my life where I 
can say yes to this opportunity.” 

—JEFFREY MERVIS 
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Critics Skeptical as Flu Scientists 
Argue for Controversial H7N9 Studies 


Flu scientists are hoping to vaccinate them- 
selves against another outbreak of a crip- 
pling controversy. 

In a letter published this week by Nature 
and Science (see p. 612), 22 researchers 
make their case for launching potentially 
risky experiments with the H7N9 avian influ- 
enza virus, which emerged earlier this year in 
China and which some scientists fear could 
spark a deadly human pandemic. The scien- 
tists, who mostly work in U.S.-funded labs, 
also detail the safety and security precautions 
that they would take to prevent the possibly 
dangerous viruses they create from escap- 
ing from the lab—or falling into the hands 
of terrorists. In an accompanying online let- 
ter (http://scim.ag/fluHHS), officials from the 
U.S. Department of Health and Human Ser- 
vices (HHS) write that they will require extra 
review of especially problematic studies. 

The communiqué, the authors say, is 
intended to head off the kind of global contro- 
versy that in 2011 engulfed researchers con- 
ducting experiments with another avian flu 
virus, H5N1, halting certain studies for more 
than a year (Science, 22 June 2012, p. 1494). 
Critics charged that those studies—which 
involved engineering new HSN] strains able 
to move between mammals, and not just 
birds—carried risks that outweighed any 
benefits and had too little public oversight. 

“With HS5N1, we were criticized for 
not being transparent,” says virologist Ron 
Fouchier of Erasmus MC in Rotterdam, the 
Netherlands, one of the scientists at the cen- 
ter of the HSN1 storm and a lead author of the 
7 August letter. “So this time we want to be 
sure the public understands what we want to 
do before we do it, why we need to do it, and 
how we are going to do it safely.” 
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The openness offensive isn’t quieting 
critics. “The scientific justification pre- 
sented for doing this work is very flimsy, 
to put it mildly, and the claims that it will 
lead to anything useful are lightweight,” says 
Adel A. F Mahmoud, an infectious disease 
specialist at Princeton University and the 
former president of Merck Vaccines. And 
the security precautions are “insufficient 
and amazingly lame,” says molecular biolo- 
gist Richard Ebright of Rutgers University 
in Piscataway, New Jersey. 

At issue are gain-of-function studies, in 
which researchers use several techniques to 
give viruses characteristics that they don’t 
have in nature, such as the ability to infect new 
species or transmit more easily through the 
air. Such studies are critical to understanding 
the sometimes subtle changes that can make a 
bird virus a pandemic threat, some scientists 
argue, and to developing better vaccines and 
surveillance. But others are skeptical and say 
that just because scientists can do the experi- 
ments doesn’t mean they should. 

The dispute went public in late 2011, 
after Fouchier and virologist Yoshihiro 
Kawaoka of the University of Wisconsin, 
Madison, submitted papers on their mammal- 
transmissible H5N1 viruses to Science and 
Nature, respectively. A U.S. government 
panel, the National Science Advisory Board 
for Biosecurity (NSABB), recommended 
against publishing complete versions, for 
fear the details might provide a bioweapon 
blueprint. Ultimately, a divided NSABB sup- 
ported full publication, but only after HSN1 
researchers had declared a voluntary morato- 
rium on gain-of-function studies and the U.S. 
government imposed new regulations. 

The world can’t afford to repeat that 
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No gain? Critics say gain-of-function studies with the 
H7N9 bird flu virus wouldn't help guide defense mea- 
sures, such as culling chickens at markets in China. 


uproar, the letter’s authors suggest. 
“[E]xperiments that may result in GOF 
[gain-of-function] are critical” to gaug- 
ing H7N9 risks and preparing defenses, 
they write, and there is little time to lose. 
Although no new human H7N9 cases have 
appeared recently, the virus has killed 43 of 
the 134 people it is known to have infected; 
some researchers fear that it will reemerge 
this fall. There is no reliable vaccine. And 
this week, researchers reported in BMJ 
the first probable case of person-to-person 
transmission, between a father and his adult 
daughter; both died. 

To attack these problems, researchers need 
to get moving on five lines of research, the 
authors write, including transmissibility and 
drug resistance studies. To reduce risks, they 
pledge to work only in “enhanced” biosafety 
level 3 (BSL 3+) labs and not to create super- 
bugs by adding capabilities to viruses already 
able to resist drugs or evade immune defenses. 
To bolster their case, they suggest that the con- 
troversial HSN1 research has already paid off, 
because it helped identify worrisome muta- 
tions that “factored into” Chinese and global 
risk assessments of H7N9. 

That last claim incenses some critics. 
Knowledge of those mutations was not nec- 
essary to recognize H7N9’s risk, Mahmoud 
argues. Nor was it “essential to containing 
the virus in China by closing poultry mar- 
kets,” says virologist Simon Wain-Hobson 
of the Institut Pasteur in Paris. “The muta- 
tions guided nothing.” Moreover, gain- 
of-function studies are unlikely to predict 
whether H7N9—or any other virus—will 
actually become a pandemic virus, critics 
argue. “It’s laughable to claim that,” 
Mahmoud says. And Ebright argues that 
all such studies should be confined to more 
secure BSL-4 labs. 

The debate will get specific as research- 
ers submit proposals to the U.S. government, 
the most likely funder. (Other nations have 
shown less interest.) HHS says that a spe- 
cial panel will review proposals involving 
transmissibility. The process could be long; 
Fouchier says that U.S. officials are still 
reviewing requests he and Kawaoka made 
early this year to resume gain-of-function 
studies with H5N1. In the meantime, some 
prominent H7N9 researchers, including Chen 
Hualan, director of China’s National Avian 
Influenza Reference Laboratory in Harbin, 
say they have no plans to pursue such studies. 

-DAVID MALAKOFF 
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Lab Burger Adds Sizzle to Bid for Research Funds 


LONDON—It looked like a cooking show, but 
a slightly surreal one; Martha Stewart with a 
twist of Mary Shelley. In what was billed as 
a “historic” event, Dutch stem cell researcher 
Mark Post presented his lab-grown ham- 
burger to the world here on Monday—a beef 
patty assembled from thousands of small 
shreds of meat grown from bovine stem cells. 
British chef Richard McGeown fried the rev- 
olutionary burger with generous amounts of 
butter and oil, and two volunteers then tried 
it. “Close to meat, not that juicy,” was the 
verdict of one of them, Austrian food trend 
researcher Hanni Riitzler. 

The tightly orchestrated event, orga- 
nized by PR company Ogilvy, aimed to 
convince the public and potential funders 


What's for lunch? British chef Richard McGeown cooked a beef patty grown by Mark Post 


(inset) in front of an audience of journalists. 


that lab-grown meat is possible, if far from 
economically viable. (Producing the 140- 
gram burger had cost about €250,000.) It 
represented “a paradigm shift in the way 
animal protein can be produced,” says 
Nicholas Genovese of the University of 
Missouri, Columbia, who is studying in 
vitro meat with support from People for the 
Ethical Treatment of Animals. 

For those hungry for scientific details, the 
show, attended by reporters from around the 
world, had little to offer. Post, a researcher at 
Maastricht University in the Netherlands, dis- 
cussed a few technical advances, but didn’t 
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have a paper to present. “It was not a science 
event; it was more something you would see 
during the introduction of a new product by 
a company,” says Henk Haagsman, a veteri- 
nary researcher at Utrecht University in the 
Netherlands who has collaborated with Post. 
Details need to be published so other scien- 
tists can repeat the work, Haagsman says. 
Post’s method could greatly reduce ani- 
mal suffering and shrink meat’s environmen- 
tal footprint. Already, almost a third of the 
Earth’s land surface is dedicated to pasturing 
or raising feed for livestock, according to the 
U.N. Food and Agriculture Organization. 
Global meat consumption is only expected 
to rise, from 228 million 
tons in 2002 to almost 


465 million tons in 2050. In a 2011 study, 
scientists estimated that cultured meat may 
need 35% to 60% less energy, occupy 98% 
less land, and produce 80% to 95% less green- 
house gases—cows are notorious methane 
producers—than conventional meat. 

The idea of growing meat in the lab has 
been around for decades; Winston Churchill 
mentioned it ina 1931 essay. Post and others 
say that the Netherlands has become a hot- 
bed for research in the area thanks to Willem 
van Eelen, an entrepreneur who survived a 
Japanese prisoner-of-war camp during the 
Second World War. As a medicine student, 
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Van Eelen saw a piece of animal tissue that 
a cell biology professor was keeping alive. 
“As someone who had suffered starvation, 
I didn’t think about science but about food,” 
he says. Van Eelen dropped out of college 
but relentlessly lobbied the Dutch govern- 
ment to fund in vitro meat research. It paid 
off in 2004 with a €2 million grant for three 
projects, including Post’s. 

When the money had run out 4 years 
later, Post tried to lure new donors by float- 
ing the idea of a proof of concept: a pork 
sausage made entirely in the lab. Google co- 
founder Sergey Brin bit, agreeing to sponsor 
the project under two conditions: The prod- 
uct had to be beef, and it 
had to be a burger. (Post 
had said he had a wealthy 
benefactor, but Brin’s 
involvement remained a 
secret until Monday.) 

Post hopes that his 
petri patty will attract the 
next round of funding. 
To make it, he used tis- 
sue taken from the shoul- 
ders of two cow carcasses 
at a slaughterhouse. He 
cut the tissue into small 
pieces and treated these 
with collagenase, an 
enzyme that helps break 
down connective tissue, 
to release the cells. When 
he cultured the cell mixture, muscle cells 
soon died, but so-called satellite cells—stem 
cells that replenish dead muscle cells in the 
animal—started dividing. Satellite cells can- 
not replicate indefinitely, but Post says they 
can go through some 50 divisions—enough, 
on paper, to produce 20,000 tons of beef 
from one biopsy. Previous in vitro meat proj- 
ects had great difficulty coaxing the cells to 
become muscle cells, but a mix of growth 
factors helped Post achieve a 70% to 80% 
success rate. 

There are still plenty of obstacles. Because 
the muscle cells lack blood vessels to provide 
them with nutrients and oxygen, the shreds 
of meat begin to die if they grow more than 
1 millimeter thick. The cell culture thrives 
only in fetal bovine serum, a growth medium 
made from the blood of slaughtered calves. 
Serum-free alternatives exist, but the ones 
that Post tried were disappointing. “Nine were 
not good, one was okay,” he says. Antibiotics 
were needed to keep bacteria from colonizing 
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the muscle tissue; growing the meat in a ster- 
ile environment and replacing humans with 
robots could solve that problem, Post says. 

Then there is the problem ofexercise. Mus- 
cles get bulky when they are used, but shreds 
of muscle in a dish don’t exercise. Initially, 
Post tried stimulating the tissue mechanically 
or with electric shocks. Later, he found that 
placing two Velcro anchor points in the petri 
dish did the trick: The muscle cells spontane- 
ously formed small fibers that stretch between 
the two points. But sometimes they pulled 
away from the Velcro, and at the press event, 
Post said that he now places a column of aga- 
rose gel in the middle of the dish and pipettes 
the cells around it. The muscle cells attach to 
each other, forming a doughnut-shaped piece 
of beef that contracts and thickens ina kind of 
in vitro training regimen. 

For the patty, tens of thousands of these 
beef circles were turned over to Peter 
Verstrate, a self-employed food technolo- 
gist in the Netherlands, who cut the rings to 
produce shreds of meat about a centimeter 
long, which he ground up. He added bread- 
crumbs and some binder to improve the tex- 
ture, but color was a problem: Because of 
a lack of myoglobin—the oxygen-carrying 
molecule that makes muscle tissue red—the 
meat looked white. A mix of beetroot juice, 
saffron, and a little bit of caramel made the 
raw burger look a pinkish red and helped it 
turn brown while cooking. 

The end result won’t win any gastron- 
omy awards. “The surface was surprisingly 
crunchy,” Riitzler says, but the inside did not 
have the meaty taste she was expecting. The 
other taster, Chicago, Illinois—based journal- 
ist Josh Schonwald, noted that the meat had a 
“familiar mouthfeel,” but said the taste wasn’t 
quite like a real burger, in part because of 
the absence of fat. Post said that adding fat- 
producing cells is one of the many challenges 
that this field is still facing. 

Supporters of “cultured meat”—as Post 
prefers to call his creation—say such issues 
can be solved later. “Post’s demonstration is 
a proof of concept. The message is that it is 
doable,” says Gabor Forgacs, who is trying 
to build bigger pieces of meat from muscle 
cells using 3D printing technology at the 
University of Missouri, Columbia. “This 
is no longer a strange idea,” adds Cor van 
der Weele, a biophilosopher at Wageningen 
University in the Netherlands who studies 
public attitudes toward cultured meat. The 
lack of science at Monday’s event did not 
bother her. “Mark Post is not making a secret 
of the fact that he is not doing science here,” 
she says. “The science will come once the 
money comes in.” —-KAI KUPFERSCHMIDT 
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Grim Day for Turkish Science as Six 
Academics Get Long Prison Terms 


The rift between Turkey’s government and 
many of its scientists became a chasm this 
week when half a dozen academics were 
among hundreds of defendants convicted of 
crimes ranging from terrorism and treason to 
“insulting Turkishness.” The trial, which has 
dragged on for 5 years, ended on 5 August in 
a courtroom in Silivri, west of Istanbul, when 
all the accused academics were sentenced to 
between 10 and 23 years in prison. 

Outside Silivri, riot police used 
tear gas to disperse thousands of pro- 
testors. The verdicts are also drawing 
condemnation from human rights 
organizations and academics else- 
where. “I am greatly disappointed,” 
says Peter Diamond, an economist 
at the Massachusetts Institute of 
Technology in Cambridge who vis- 
ited some of the accused in prison. 
“Their detention is a violation of 
human rights.” 

According to the Turkish gov- 
ernment, the 275 people rounded 
up since 2008 are connected to an 
alleged secret organization of secu- 
lar elites known as “Ergenekon” that 
have been plotting to overthrow Tur- 
key’s democratically elected gov- 
ernment, controlled since 2002 by 
the religiously conservative Justice 
and Development (AK) Party. Critics con- 
tend that the AK government is using the 
trial to punish critics and political opponents, 
including secular, liberal academics. 

One professor who has become a cause 
célebre in the scientific community is Kemal 
Giirtiz, a chemical engineer sentenced to 
13 years and 11 months in prison. “No cred- 
ible evidence [against him] was ever pro- 
duced,” says Carol Corillon, executive direc- 
tor of the International Human Rights Net- 
work of Academies and Scholarly Societ- 
ies (HRN) in Washington, D.C. Giiriiz has 
spent the past year in jail during the court 
proceedings, during which time his health 
has deteriorated due to a blocked artery. 
According to family members, Giirtiz has 
grown despondent and attempted suicide by 
cutting his wrists in his prison cell in June. 
He faces another trial, on similar charges, 
slated to start in September. 

Some of Giirtiz’s colleagues insist that 
the true motivation behind his conviction is 
political revenge. Glirtiz chaired Turkey’s 
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Council of Higher Education during the pre- 
vious administration. One of the most contro- 
versial policies during his tenure was a ban 
on female university students wearing head- 
scarves, a Muslim practice. The ban had been 
passed by Turkey’s parliament, but religious 
conservatives blame Giirtiz for enforcing the 
ban on campuses, says Asli Tolun, a molecu- 
lar biologist at Bogazici University in Istan- 
bul. Once it came to power, the AK Party 


Hard time. Kemal Giiriiz grew so despondent in prison that he 
attempted suicide in June. On 5 August he was sentenced to 
nearly 14 years in prison. 


reversed that policy, as well as many others 
intended to counteract religion in Turkish 
higher education. 

The other jailed academics, all accused of 
involvement in the conspiracy to overthrow 
the government, are medical professors and 
presidents of Turkish universities during 
the previous administration. They received 
lengthy terms. The sole glimmer of good 
news was that at least three of the academics, 
including Mehmet Haberal, will be released 
from prison for the time being. Haberal is 
one of Turkey’s most accomplished doctors, 
a transplant surgeon with an active research 
laboratory. Although he was sentenced to 
12 years and 6 months of prison time, he 
was freed pending an appeal. He is suffering 
from liver disease and was reportedly ill after 
receiving no medical treatment in prison. 

All the academics found guilty this week 
plan to appeal their convictions. IHRN, which 
issued a report last week that found no con- 
vincing evidence that any of them committed 
acrime, is helping the families of the accused 
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academics contact other international rights 
organizations. “We will not give up until jus- 
tice is done in these sad cases,” Corillon says. 

The persecution of academics who don’t 
see eye to eye with the government is likely 
to continue. “Currently there are hundreds 
of academics in similar situations,’ who may 
face reprisals for holding views at odds with 
the government, says Cigdem Atakuman, an 
archaeologist at Middle East Technical Uni- 
versity in Ankara. Turkish academics who 
study “dangerous topics” such as the Kurdish 
or Armenian minorities, evolution, or secular 
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democracy are at risk of being “excommuni- 
cated from academia,” she says. Atakuman 
says she is disappointed that “despite all the 
outcry of Turkish academics,” the European 
Union and United States haven’t brought any 
pressure to bear on the Turkish government. 
Discouraged Turkish scientists may take 
heart from Atakuman’s own story. She was 
chief editor of a popular science journal pub- 
lished by the government until she ran an 
issue in 2009 celebrating Charles Darwin, 
whose theory of evolution does not sit well 
with many supporters of the AK-led govern- 


ment. After losing her position over the pub- 
lication, Atakuman sued the government for 
lost wages and damage to her reputation. Last 
week, she won the first of two cases. 

Giiriiz and his five colleagues facing more 
than a decade in prison can only hope for a 
similar vindication when their appeal is heard. 
“Throughout my life, I have pursued aca- 
demic excellence and upheld human intellect 
above all,” Giirtiz penned in an essay in prison 
last year. “Where I should get rewarded, Inow 
get punished.” 

-JOHN BOHANNON 


House Subpoena Revives Battle Over Air Pollution Studies 


Republicans in the U.S. House of Representa- 
tives have taken an old battle over the health 
data that underlie Clean Air Act regulations 
to a new level. For the first time in 21 years, 
the House science committee has issued a 
subpoena, demanding confidential data from 
the Environmental Protection Agency (EPA). 
Committee Chair Lamar Smith (R-TX) has 
said that if EPA does not oblige, 
he may go after the institutions 
that conducted the groundbreaking 
studies decades ago. 

Since 2011, Smith has made 
repeated requests to EPA for what 
he calls the “secret science” used 
to justify regulations that the 
agency promulgates under the 
Clean Air Act. Smith argues that 
the public should have a chance to 
scrutinize the data from two feder- 
ally funded studies: the so-called 
Harvard Six Cities Study and a 
body of related data gathered by 
the American Cancer Society 
(ACS). Yet critics say the move 
is designed to allow industry to 
attack what is widely considered 
to be seminal work on the health impacts of 
air pollution. The latest move is “déja vu all 
over again,” says economist C. Arden Pope 
of Brigham Young University in Provo, 
Utah, an author of both studies. 

In the 1993 Six Cities study, published 
in The New England Journal of Medicine, 
Harvard researchers followed more than 
8000 participants for 14 to 16 years and 
found an association between the risk of 
death from lung cancer and cardiopulmo- 
nary disease and exposure to particulate 
matter, or soot, in the air. Two years later, 
some of those same researchers used ACS’s 
much larger patient database to support the 
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connection between air pollution and mor- 
tality in Cancer Prevention Study II. Both 
studies were cited in EPA’s tightening of 
soot standards last December. 

The battle over Six Cities is almost as old 
as the study itself. In 1997, EPA issued new 
air quality standards based on the Six Cities 
findings, placing the first limits on fine parti- 


Mounting evidence. Chair Lamar Smith is apparently unpersuaded by the stacks 
of research, handed to him by Democrats, in support of air pollution regulations. 


cles (2.5 micrometers across or less), whose 
sources include vehicle exhaust and indus- 
trial smokestacks. 

Industry representatives demanded that 
the raw data be made public so the find- 
ings could be checked for errors (Science, 
25 July 1997, p. 467). Harvard refused, cit- 
ing confidentiality agreements with the study 
participants. The researchers had collected 
birth and death dates, smoking habits, diet, 
and health information including the pres- 
ence of cancer and lung disease. In a compro- 
mise, Harvard shared the data with the Health 
Effects Institute (HEI), a nonprofit research 
organization partially funded by the auto 
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industry. HEI convened a team of indepen- 
dent scientists, which confirmed the findings 
in a study published in 2000. 

At a contentious committee meeting 
last week, ranking member Eddie Bernice 
Johnson (D-TX) placed that HEI study 
in front of Smith, along with thousands of 
pages of other peer-reviewed research sup- 
porting the studies. She asked 
that the stacks be inserted into 
the committee record “since the 
Majority has claimed they don’t 
have enough science to review.” 
House Democrats also argued 
that most of the information 
requested was already available to 
legitimate researchers. ACS has 
a procedure for sharing its data 
with other institutions. 

“T have to assume you will 
be passing this data to—excuse 
my language—industry hacks,” 
Johnson said in her opening state- 
ment Thursday. Smith asserted # 
the data would be shared with 2 
“various reputable entities and 
organizations” and would be “de- 
identified” so that no names would be made 
public. But because the six cities were small, 
it would be easy to quickly figure out who 
the participants were, according to Pope. 

The resolution was passed on | August 
in a vote strictly along party lines. It autho- 
rizes subpoenas for EPA as well as “other 
custodians of research data,” which could 
include both Harvard University and ACS, 
Smith said. Only EPA has received a sub- 
poena so far, directing EPA Administra- 
tor Gina McCarthy to produce the data by 
19 August. The agency has not indicated ¥ 
what it intends to do. 5 
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INFECTIOUS DISEASES 


Unconventional Vaccine Shows 
Promise Against Malaria 


For the past decade, tropical disease researcher 
Stephen Hoffman has been obsessed with a 
quixotic scheme for making a malaria vac- 
cine: by bottling weakened malaria parasites. 
Two years ago, the first test of this vaccine 
in people failed. Now he has come back 
with evidence that his idea might just work. 
Online this week in Science (http://scim.ag/ 
SederVac), Hoffman’s company and federal 
researchers report that when given in a new 
way, their experimental vaccine protected 
12 of 15 volunteers from malaria infection, 
including all six receiving the most doses. 
Those numbers are tiny, and the vaccine 
will need to overcome a host of hurdles to 
be of practical use. But 100% protection is 
the best result yet in the long and frustrat- 
ing effort to develop a malaria vaccine. “The 
results are extremely encouraging,” says 
Pedro Alonso of the Barcelona Institute for 
Global Health in Spain, who has co-led stud- 
ies of the most advanced malaria vaccine in 
clinical trials, called RTS,S. “This is a really 
important, really exciting proof of concept.” 
Even if the early success holds up, 
Hoffman’s company, Sanaria Inc. of Rock- 
ville, Maryland, has a long way to go to 
show that its vaccine, which is complicated 
to produce and administer, could be used in 
poor, malaria-plagued regions such as sub- 
Saharan Africa. But Hoffman is undaunted: 
“Our goal was to demonstrate full protec- 
tion,” he says. “Working out the practical 
aspects is something many people can do.” 
Caused by Plasmodium parasites transmit- 
ted by mosquitoes, malaria infected an esti- 
mated 220 million people in 2010 and killed 
660,000, most of them children, according to 
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the World Health Organization. The current 
leading vaccine candidate, RTS,S, contains a 
single surface protein from the Plasmodium 
falciparum sporozoite, an immature form of 
the parasite. In recent phase III trials, RTS,S 
protected only 31% of young infants and 
56% of older babies and toddlers (Science, 
16 November 2012, p. 871). 

Hoffman, who worked on RTS,S asa U.S. 
Navy researcher, concluded years ago that a 
single-protein vaccine would “never do the 
job” of achieving full protection against the 
complex, 5000-gene malaria parasite and 
that only a vaccine containing whole sporo- 
zoites would work. He seized on studies in 
the 1970s that showed that more than 90% 
of volunteers were protected against malaria 
infection after they received more than 1000 
bites from P falciparum-—infected mosqui- 
toes that had been irradiated to weaken the 
parasite. Hoffman launched Sanaria in 2002 
to develop a vaccine that could mimic the 
effect of those bites. 

It was an ambitious goal: Technicians must 
dissect mosquito salivary glands to obtain the 
sporozoites, which have been weakened with 
radiation, and getting a safe, pure formulation 
through regulatory approval was tough. When 
Sanaria tested the vaccine in a small phase I 
trial, the results were disappointing—only two 
of 44 volunteers were protected. In that trial, 
the vaccine was administered into the skin, the 
standard delivery method for vaccines. How- 
ever, animal studies by Robert Seder at the 
National Institute of Allergy and Infectious 
Diseases had suggested that the sporozoites 
might work much better if injected intrave- 
nously (Science, 28 October 2011, p. 475). 
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Exacting work. A Sanaria researcher extracts 
malaria parasites from a mosquito. 


So Sanaria teamed up with Seder to 
test the vaccine on 40 adult volunteers. 
After receiving the vaccine intravenously, 
they were exposed to malaria-carrying 
mosquitoes. (They were promptly treated 
with antimalarial drugs if they became 
infected.) After four shots of the highest 
dose—135,000 sporozoites per injection— 
given a month apart each, six of nine vol- 
unteers were protected. Another six who 
received five doses on a slightly different 
schedule were all protected, with minimal 
side effects. 

Seder calls the results “very promising” 
but cautions that the study was small. “We 
need to repeat it in a larger number of people.” 
He points out that ina trial of RTS,S published 
in 1997, the vaccine protected six of seven 
adults in one group. That level of protection 
was not seen in subsequent studies. 

Another next step is to explore whether 
the vaccine can protect against multiple 
P. falciparum strains. Researchers will also 
look at durability—ideally the vaccine will 
protect longer than RTS,S, which fades over 
a year. The team will soon launch several 
small trials in Africa, Germany, and the 
United States. They will also test different 
vaccination schedules in the hope that they 
can achieve 100% protection with fewer 
than five doses. 

To move on to large-scale production and 
reduce costs, Sanaria will need to speed up 
the dissection process, which now employs 
about 12 to 15 “dissectors” who can each 
tease apart about 150 mosquitoes an hour. 
Hoffman is collaborating with Harvard’s 
engineering school to automate the process. 

The challenges don’t end there. The 
vaccine must be stored in liquid nitrogen, 
unlike traditional vaccines in developing 
countries. And administering several intra- 
venous doses to very young children whose 
veins aren’t easy to find could be tricky. 

Beyond vaccinating soldiers and travel- 
ers to malaria-endemic areas, Hoffman and 
others think the vaccine could play a valu- 
able role in countries where malaria is still 
a huge killer, or in those close to eliminat- 
ing the disease. Stefan Kappe of the Seat- 
tle Biomedical Research Institute in Wash- 
ington, who is working on a similar vaccine 
that contains genetically engineered spo- 
rozoites, says the approach is worth sup- 
porting: “If we were talking about an HIV 
vaccine, there would be no question about 
investing in this type of success.” 

—-JOCELYN KAISER 
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PubPeer is the latest forum for free-ranging discussion of published papers. It can only succeed, 
say its anonymous founders, if participants are able to keep their identities hidden 


—PUBPEER FOUNDER 
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WHAT DOES IT TAKE TO RUN A WEBSITE WHERE SCIENTISTS CAN 
chat freely about published papers? 

Anonymous e-mail addresses. Temporary phone numbers. Un- 
disclosed locales. Jitters that one day, your cover will be blown, your 
career destroyed, and your family’s finances depleted. It sounds like 
a John le Carré novel. But no, the protagonists here are a handful of 
biologists who last fall unveiled PubPeer, which bills itself as “an 
online community that uses the publication of scientific results as 
an opening for fruitful discussion.” The goal is something of a free- 
for-all journal club, welcoming comments from readers and authors 
across disciplines. 

PubPeer is one of several recent ventures to encour- 
age scrutiny of published work, seeking to fill what 
many consider a gap in scientific publishing. “I myself 
have kind of longed for a place where I can see dis- 
cussion of work after publication,” says Ferric Fang, 
a microbiologist at the University of Washington, 
Seattle, and editor-in-chief of Infection and Immu- 
nity. Journals are one obvious 
place to leave comments about a 
paper, says Fang, who has written 
extensively about scientific pub- 
lishing and misconduct (Science, 
25 January, p. 386). But he says 
that most “haven’t been very 
good” at nurturing such discus- 
sion. Some don’t allow comments 
at all, and others require com- 
menters to be named or remove 
those that may imply wrongdoing. 

When questions about pub- 


When | saw that it was 
not signed by anybody, 
| felt uncomfortable— 
it was an instinctive 
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When PubPeer launched in October 2012, the founders’ goal was 
genteel dialogue. “I enjoyed this paper greatly,” an anonymous com- 
menter wrote early this year, about a study in Science on empathy 
in rats. The commenter politely queried about comparisons between 
littermates and nonlittermates and sought more information about 
how the animals behaved. 

Posts like this one, though, were interspersed with those of a dif- 
ferent nature. “The paper was VERY effective for getting his lab a lot 
of publicity (and money?),” one commenter wrote about an article in 
Scientific Reports, a Nature journal. “Was it just sensationalism or 
did it tell us something new about the brain?” 

In May, PubPeer underwent a tectonic shift after a 
tip exposed errors in a high-profile paper. The anony- 
mous post flagged apparent image duplications in a 
manuscript describing how human embryonic stem 
cells could be produced by cloning, published in 
Cell by a group based in Oregon (Science, 31 May, 
p. 1026). Cell subsequently printed an erratum. Sud- 
denly, PubPeer was in the news, 
and whistleblowers began flood- 
ing it with tips suggesting prob- 
lematic images in dozens of 
papers. It now receives between 
10 and 50 comments a day. 
“They’re getting a little bit out of 
control, in my opinion,” the pro- 
fessor founder says. 

“The volume of material 
they’re dealing with, I think, is 
far, far greater than anyone antic- 
ipated,” agrees Paul Brookes, 


lished research bleed into mis- 
conduct accusations, journals and 
institutions have their protocols, 
but many researchers grouse that 


reaction. 


—SHAUL HESTRIN, NEUROSCIENTIST 
AT STANFORD UNIVERSITY 


a biologist at the University of 
Rochester in New York. Brookes 
knows well what it takes, and 
what it’s like, to play scientific 


the process can take years and its 

outcome is often unsatisfying. 

“Universities charged with investigation [have a] huge conflict of 
interest,’ says Jennifer Nyborg, a biochemist at Colorado State Uni- 
versity, Fort Collins, who’s been frustrated by her efforts to report 
potential misconduct through the proper channels. 

Given these shortcomings, many agree there’s a place for sites that 
engage in postpublication peer review. They can clarify experiments 
and catch errors, something several, including PubPeer, have done. 
They can challenge how studies are interpreted and suggest avenues 
for follow-up work. 

But many who participate in these discussions sit at a tense 
nexus: They long for more unfettered conversation about sci- 
ence, yet insist on doing so anonymously, fearful that their words 
will come back to haunt them. One of PubPeer’s founders, who 
describes himself as a tenured professor, says that even a senior 
scientist “very rarely, myself included, wants to take the risk” of 
criticizing fellow scientists under their own names. The professor 
and his shadowy brethren—another founder tells Science that he is 
finishing up his Ph.D. somewhere in the United States—have gone 
to great lengths to protect their identities. “I don’t want it to impact 
my scientific life or my personal life,” says the professor of his site, 
adding that the phone number from which he was calling “probably 
won't work after a few days.” 

While anonymity can spur discussion, it does not always 
elevate it. 
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watchdog. Last year he launched 
www.science-fraud.org, which 
unlike PubPeer sought from the start to expose problematic images 
in published papers. Brookes, too, was anonymous—until January, 
when a still-unidentified individual outed him (Science, 11 January, 
p. 132). Amid threats of lawsuits, science-fraud.org imploded. 
Brookes quickly pulled accusations of wrongdoing from the site. 
Although many criticized him for questioning the integrity of authors, 
the site had an impact: More than 40 of the papers that appeared on 
science-fraud.org have since been corrected or retracted, Brookes says. 
So far PubPeer’s record is slimmer, but the site appears to 
be gaining traction. In July, it posted 89 comments, up from just 
26 in June. In May, when the Oregon stem cell case broke and 
science-fraud.org posted an endorsement of PubPeer, comments 
on the site topped 360. Some challenge the integrity of images; 
others question whether a paper’s conclusions are backed by its data. 
Scientists who are first or last authors on a paper can register as 
anonymous “peers” and leave comments, which are posted auto- 
matically but can be removed if deemed inappropriate. Anyone can 
send unregistered submissions to PubPeer’s e-mail address, and the 
founders often vet their claims against the paper in question. (In June 
and July, more than 500 comments were submitted but not posted 
due to problematic tone or content.) There’s also the option of com- 
menting under one’s name, but few take that route. 
“Tf it’s a verifiable fact, ... it just shouldn’t matter” if the person 
is named, says Ivan Oransky, a journalist who 3 years ago started 
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the popular blog Retraction Watch with fellow reporter Adam 
Marcus. But he says that in some intangible way, “it does. People 
like to know where people are coming from.” Many of the tips about 
retracted papers that he and Marcus investigate arrive under pseud- 
onyms, from anonymous e-mail addresses. Even though Oransky 
supports anonymity, he admits that he can’t help but be curious him- 
self, especially about those who attack Retraction Watch and accuse 
it of having “an agenda.” “I would very much like to know who all 
these people are,” he says. 

A big reason for staying hidden, many scientists suggest, is that 
despite all the talk of honest discussion in their community, there’s 
little reward for engaging in it. “If the system was 
much more open and much more tolerant of dissent 
then this would not be needed,” says Raphael Levy, 
who studies cell imaging at the University of Liver- 
pool in the United Kingdom. He has left both anony- 
mous and named comments on PubPeer. 

Another occasional commenter, neuroscientist 
Boris Barbour at the Institute of 
Biology at Ecole Normale Supéri- 
eure in Paris, concedes that his 
writing changes when it’s backed 
by his name. “It’s very easy to say, 
“That paper’s crap and how did it 
ever get accepted,” Barbour says. 
“To be sure you have a water- 
tight case isn’t trivial.” Although 
he tries to be equally rigorous 
whether posting anonymously or 
not, he says the pressure to “make 
extra certain” the text is accurate 
is heightened when he goes public. 
Fang, who has left comments on 
Retraction Watch, agrees. “When I 
have to sign my name to it, it makes 
me just a little bit more thoughtful 
before I hit ‘send, ” he says. 

When a paper is flagged on 
PubPeer, the site immediately 
notifies the corresponding author. Peter Klein, a physician and 
developmental biologist at the University of Pennsylvania, received 
an automated e-mail from PubPeer in late May. A poster listed 
18 questions and comments about his 2012 report in Nature 
Medicine, including what this person described as “contradictions 
between text and figures” and “incomplete or inconsistent descrip- 
tion of methods and figures.” 

Klein had never heard of the site. “Because there were so many 
small details, my first response was, do we have to respond? We’ve 
already gone through peer review,” he says. “But then as I went 
through it ... it occurred to me that this person probably found the 
omissions frustrating. ... I felt like, we can answer them, we can help 
them out.” He and his postdoc crafted a nearly 900-word rejoinder. 

Few authors were as relaxed about anonymity as Klein. “When 
I saw that it was not signed by anybody, I felt uncomfortable—it 
was an instinctive reaction,” says Shaul Hestrin, a neuroscientist at 
Stanford University in Palo Alto, California, whose paper in The 
Journal of Neuroscience was questioned. Hestrin sensed an imbal- 
ance, because only one person was named. (That would be him.) 
“Either you want to stand by what you’re saying, or you don’t say it.” 
Hestrin e-mailed the site to say he’d be happy to respond if he 
knew who was asking the questions, but was told that wasn’t an 
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option. “I just disengaged,” he says, and didn’t reply, although he 
acknowledges the points raised—essentially, whether the data had 
been overinterpreted—weren’t unreasonable. 

Ironically, some of those who decry anonymity most vigorously 
insisted that their names not appear in this story. “Anonymity’s a 
great cover for people who want to take other people down,” says one 
author whose work was cited on PubPeer. Another scientist argued 
that PubPeer “becomes basically a gossip site” lacking “credibility or 
accountability.” (“I’ve never done anything anonymously,” this per- 
son emphasized, while stipulating that their name not be publicized.) 

Brookes, who is facing several threatened lawsuits, has thought a 
great deal about anonymity. His views are still evolv- 
ing. “Previously I think I was very much like the own- 
ers of PubPeer—very scared, very wary,” he says. 
“And I’m sort of coming around to the idea that doing 
this stuff using your real name is the way to go.” 

Brookes cites a couple of reasons for the swing of 
his internal compass. For one, he was frustrated when 
he tried to contact a journal anon- 
ymously about potential image 
manipulations in five papers by 
a single author. After dozens of 
e-mails generated not a single 
reply, he became convinced that 
the reason was that no one knew 
who he was. 

Brookes also notes an impor- 
tant change in his own scientific 
fortunes: Last year, while running 
science-fraud.org, he was apply- 
ing for a grant from the National 
Institutes of Health. In February, 
he learned that his application 
would be approved. “It’s really 
down to what career state you're at 
and what you’re comfortable with,” 
he says. Brookes is contemplat- 
ing a new site for postpublication 
peer review. He’s still considering 
the place anonymity might have on that site. 

PubPeer’s founders watched science-fraud.org’s collapse warily. 
“We learned from that, we’re not accusing anybody of fraud,” 
says the professor founder. The site’s administrators, whom he 
says number about eight spread across different institutions, have 
consulted with some family friends who are attorneys “but we are 
mostly winging it.” 

At the same time, PubPeer is doing what it can to raise its profile. 
It’s planning to offer its users browser plug-ins that can link PubPeer 
comments to PubMed, which thousands of researchers rely on to 
sift through biomedical papers. Its administrators are also develop- 
ing citation software plug-ins that would alert users to comments on 
papers when those papers are referenced in manuscripts or grants. 
“Our dream,” he says, “is that this becomes an important side piece 
to the scientific literature.” 

The professor has already had occasion to be grateful for his 
double life. A visitor grading his lab for funding had a paper flagged 
on the site; a department colleague had research discussed there. 
“If he knew I was involved, it would change our interactions,” he 
says, referring to the colleague. Still, he’s resigned to a day when 
he’s unmasked. “I think it’s going to be very hard,” he says, “to stay 
anonymous forever.” —JENNIFER COUZIN-FRANKEL 


—IVAN ORANSKY, 
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WILDFIRE SCIENCE 


Computing a Better Fire Forecast 


Scientists and firefighters ponder new ways to predict the spread of wildfire as the 


U.S. West faces ever more potent blazes 


Firefighters who were there that deadly 
morning would later describe trees with 
glowing orange bark and flames that leapt 
hundreds of meters in moments. An arson- 
ist in the southern California town of Caba- 
zon started the October 2006 blaze, known 
as the Esperanza fire. Havoc reigned at 
dawn as residents evacuated and fire trucks 
snaked up smoky mountain roads. 

At about 6:30 a.m., a five-man crew from 
Engine 57 set up a water pump above one 
edge of the fire, hoping to save an octagon- 
shaped house. But the blaze swept up an 
adjacent gully and over the structure in less 
than 10 seconds. None of the crew escaped. 

Now, 7 years after the Esperanza trag- 
edy, U.S. wildfire specialists are still debat- 
ing exactly what happened—and whether 
improved computer models might help 
scientists, firefighters, and disaster plan- 
ners avert such deadly surprises. Relatively 
crude existing simulations already help the 
U.S. Forest Service and other agencies pre- 
dict the course of hundreds of fires each 
year, mostly in the western United States. 
But researchers agree that these models do 
a poor job of simulating extreme events like 
Esperanza, when wildfire can seemingly act 
capriciously and erratically. 

“The current models have been stretched 
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to their limits,” says Kelly Close, a fire 
behavior analyst in Fort Collins, Colorado. 
They will be stretched further if a warming 
climate makes extreme fires more common, 
raising the odds of additional Esperanza- 
like calamities, such as the Yarnell, Ari- 
zona, blaze that killed 19 elite firefighters 
in June. More sophisticated models that can 
simulate both the extreme behavior of indi- 
vidual fires and the risk of fire across entire 
landscapes are on the horizon. But a variety 
of factors, including limited funds, tech- 
nical disagreements, and the sometimes 
clashing cultures of academic scientists and 
wildland firefighters, is complicating the 
search for alternatives. 


Model behavior 

Wildfire modeling is a relatively young 
endeavor. In the early 1970s, when the 
U.S. Forest Service sought to analyze fire 
risk over large landscapes, it turned to its 
research laboratory in Missoula, Montana. 
There, fire scientist Richard Rothermel led 
a team that observed fires in field tests and 
the laboratory. They went on to write a set 
of equations, which for the first time related 
the speed and direction of a model fire’s 
spread to terrain, the vegetation available 
for fuel, and nearby wind patterns. 
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Firestorm. The 2006 
Esperanza wildfire 
burned 16,000 hectares 
of chaparral and killed 
five firefighters in 
southern California. 


Forty years later, 
Rothermel’s formulas 
are the foundation for 
two varieties of oper- 
ational fire models. 
Strategic modeling 
tools allow manag- 
ers to forecast, well 
beforehand, how fires 
might spread or visu- 
alize where future 
fires might break out; 
tactical tools allow 
modeling of specific 
fires on shorter time- 
scales, sometimes 
with an eye toward figuring out whether to 
confront them or let them burn. Perhaps the 
most widely used model is a tactical model 
called FARSITE, which uses terrain, fuel, 
and weather data to project a fire’s path over 
a 2D map. 

Fire analysts use it tens of thousands of 
times a year in their work, says FARSITE 
developer Mark Finney of the Missoula lab. 
And in the hands of an analyst who under- 
stands its limitations, FARSITE can be a 
valuable tool. In 1994, for example, offi- 
cials in Glacier National Park were con- 
fronted with a pair of wildfires. They faced 
“a lot of tense decision-making,” Finney 
says, over whether the flames might harm 
settlements, and whether they should put 
firefighters in harm’s way. But FARSITE 
predicted that the fire would stay within a 
safe area, Finney says, and it did. In other 
instances, it has given planners a reliable 3- 
to 5-day forecast of a fire’s spread, enabling 
them to more efficiently—and safely— 
deploy crews. 

Still, Rothermel-based tools like FAR- 
SITE have some glaring weaknesses. They 
assume that fuel is evenly distributed, for 
instance, and that it burns uniformly. They 
don’t simulate the movement of particles 
and gases that can affect a fire’s path, or the 
complex relationships with the atmosphere 
that can enable some blazes to create their 
own wind and weather, even generating so- 
called pyrocumulus clouds. The models also 
have a hard time with complex phenom- 
ena like rotating air masses known as fire 
whirls, fires spread by embers, or explosive 
blasts of flame that can shoot out from a fire’s 
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flanks. A Rothermel-based model “describes 
very well a fire burning in a field of wheat,” 
one of the researcher’s colleagues once told 
Fire Science Digest. “As you get further 
away from that uniformity, the less accurate 
it becomes.” 

Such limitations became clear to FAR- 
SITE analysts studying a 2002 fire in north- 
western Colorado. The model suggested that 
it could be stopped in its tracks by using time- 
tested methods such as lighting controlled 
“backfires” to deny it fuel. But the back- 
fires wouldn’t ignite even though the blaze 
went on marching across the landscape. 
The reason: The fire was spreading treetop 
to treetop via a flammable lichen known as 
“old man’s beard,” instead of creeping along 
the ground as the model assumed. (In such 
cases, Colorado’s Close says, wildfire spe- 
cialists “just have to turn off the computer” 
and rely on experience and intuition.) 


Flare up 

One scientist working to bring fire models 
into the 21st century is Janice Coen, a mete- 
orologist at the National Center for Atmo- 
spheric Research (NCAR) in Boulder, Col- 
orado. Unlike most wildfire experts, Coen’s 
career path began not in the forest, but in 
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merical weather prediction 


Enlightenment. These days, mete- 
orologist Janice Coen (above) is 
working to develop fire-atmosphere 
simulations that improve pioneer- 
ing models devised by Richard 
Rothermel (left, behind window) in 
the 1970s. 


her childhood city of Pitts- 
burgh, where her father was a 
firefighter. “The earliest pic- 
tures of me are of me tromping 
around in his fire boots,” says 
the laconic researcher. In graduate school, 
Coen studied airflow over complex surfaces, 
which led her in 1992 to join NCAR, where 
a team was working to connect a high- 
resolution regional weather model to the 
Rothermel equations. 

Since then, Coen has 
become a leading advocate 
for the idea that robust sim- 
ulations must reflect a cou- 
pling between the fire and 
the atmosphere. Each affects 
the other, she says, creating 
feedback loops that are criti- 
cal to predicting fire behav- 
ior, including the seemingly 
whimsical way extreme fires 
move. She has drawn on 
aspects of fluid dynamics, for 
instance, to show why fires 
don’t move through a land- 
scape in a straight line, but with a front edge 
curved in the direction of prevailing winds. 
That’s because rising parcels of air ahead of 
the fire front pull the fire into that shape. 

In 2005, Coen turned heads with a simu- 
lation of the Big Elk fire, a medium-sized 
blaze that had struck Colorado 3 years 
before. By modeling how the fire and the 
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atmosphere interacted, Coen built what 
Close called a “surprisingly accurate” rec- 
reation of the Big Elk blaze in silico. The 
model showed, for example, how the blaze 
affected winds some 5 kilometers away— 
one of the first times such coupling had 
been quantified. 

Coen has also drawn attention for her 
more recent simulations of the 2006 Espe- 
ranza fire. Although fire modelers often 
don’t have the real-world data necessary to 
test their models against real events, Espe- 
ranza was different: The Forest Service’s 
Pacific Southwest Research Station mapped 
its heat by airplane, in real time. That has 
allowed Coen to see if her models could 
accurately recreate its spread and intensity. 

The answer is a qualified yes, she and 
ecologist Philip Riggan of the Forest Ser- 
vice lab have reported at meetings and in 
a paper under review at the /nternational 
Journal of Wildland Fire. Despite incor- 
porating atmospheric coupling, the model 
didn’t do a good job of mimicking some 
aspects of local warm winds, called Santa 
Anas. But it faithfully recreated how the fire 
raced through canyons, split into two flanks, 
and engulfed the firefighters at the octa- 
gon house. Such results suggest that “this 
is a really promising approach,” says Max 
Moritz, a fire scientist at the University of 
California (UC), Berkeley. 

Could it have prevented the tragedy at 
the octagon house? Coen emphasizes that 
her work isn’t designed to tell firefighters 
where—and where not—to go. “I’m not one 
who says that fire modeling saves lives,” she 
says. But she does believe 
that more sophisticated mod- 
els would give crews a bet- 
ter idea of how an extreme 
blaze might behave, perhaps 
enabling them to build in big- 
ger margins of safety. 

Her Esperanza work, 
for example, suggests that 
responders need to keep 
in mind that fires can cre- 
ate their own winds that can 
pull flames uphill. A Califor- 
nia state review concluded 
that a combination of factors 
explained the “erratically” 
behaving fire, including Santa Ana winds 
trapped near the ground by a layer of cool 
air, which made them move faster. But Coen 
thinks that the fire’s behavior at the octagon 
house wasn’t so unpredictable. In her simu- 
lation, fire-generated winds largely explain 
“how the fire dragged itself up the gully so 
quickly,” she says. Adding to the speed of 
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those winds was a fire whirl, which devel- 
oped in her model in the heat of the blaze. 

Jeff Zimmerman, a retired local fire 
chief who investigated the fire, isn’t fully 
convinced. But he says Coen’s model does 
show that “a computer model is a good tool 
to help predict future fire behavior.” 

Her approach hasn’t caught on among 
the modelers at the Missoula lab, however, 
who aren’t convinced that they need to 
add fire-atmosphere coupling to the 
Rothermel equations. Given “the com- 
plication of adding such interactions” to 
current models, says the Missoula lab’s 
Finney, wider tests are required. More 
important, he says, is establish- 
ing new, fundamental physics 
on combustion, convection, and 
other aspects of fire to eventually 
replace the Rothermel equations. 
“We don’t understand how fire 
spreads,” he says. 


Bringing the heat 

A warmer climate will lead to a 
“higher probability of extreme 
fire behavior, not in every fire of 
course, but more often than in 
the past,” predicts forest scien- 
tist Steven Running of the Uni- 
versity of Montana in Missoula. 
This new regime will not only tax 
tactical simulators like FARSITE, 
but strategic models as well. 

Such tools use historic weather 
data on previous fires to map 
the probability of fire spread. But 
existing databases of previous 
fires are increasingly not repre- 
sentative of the changing climate 
regime in the western United 
States, says Krista Gollnick-Waid, 
a fire analyst with the Bureau of 
Land Management in Boise. That 
should raise doubts about results 
produced by one oft-used strate- 
gic modeling tool, called FSPro, 
she warns: “Analysts need to be 
aware of the potential for FSPro 
to underpredict fire spread [and] 
probability.” During her work ana- 
lyzing a recent fire in southwest 
Colorado, for example, she found 
that the blaze traveled farther in 1 day than 
“what the model said it would go in 5 days.” 
Says Close: “If that’s the new normal, we 
better be ready.” 

UC Berkeley’s Moritz is already grap- 
pling with the changing climate of the West. 
In a 2010 paper published in Geophysical 
Research Letters, he used roughly a decade 
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of wind and weather information to map 
the Santa Ana winds across coastal south- 
ern California, which dry out landscapes 
and stoke brushfires into conflagrations. 
The results were fairly broad but disturb- 
ing, highlighting areas that were poten- 
tially vulnerable to major fires. “I had fire 
departments calling me asking whether 
they could have even finer resolution maps 
to understand their local risks better,” 
Moritz recalls. Unfortunately, those are 
still largely unavailable. But he says that 
the experience highlights the growing 
demand for better, and more detailed, 
strategic fire models. 


Ignition. Computers simulate how fire may affect nearby winds (above) and 
how flows of air shape fire naturally into an oval (below). 


A unified front 
Improving all varieties of fire modeling, 
however, may require some shifts in fund- 
ing priorities—and perhaps in attitudes 
toward collaboration among scientists 
and firefighters. 

Consider the priorities of the fed- 
eral Joint Fire Science Program, a $13- 
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million-a-year program managed by the 
Forest Service. “Our focus is primarily 
fuels management,” or ways to reduce the 
amount of tinder-dry vegetation on 
the landscape, says spokesperson Tim 
Swedberg. None of the program’s 50 re- 
search awards this year focus on wind, cli- 
mate, or weather. That’s typical, says Moritz, 
adding that he is routinely disappointed 
when he reads the program’s annual descrip- 
tion of research questions it wants to answer. 
“You look at it and you say wow, these 
research questions are really narrow,” says 
Moritz, whose funders include the National 
Science Foundation. 

Cultural barriers to try- 
ing new ideas can also loom 
large. Wildfire officials who 
literally undergo trials by fire 
aren’t necessarily inclined 
to put much value on knowl- 
edge gained from “a peer- 
reviewed study by a Ph.D.,” says 
Matthew Desmond, who fought 
wildfires in Arizona before 
becoming a sociologist at Har- 
vard University. And Coen is 
matter-of-fact about the chal- 
lenges that she’s faced in collab- 
orations. She’s from Pittsburgh, 
not the West; she’s an academic, 
not “a forest person” and, well, 
she’s a woman in a largely 
male professional world. ”I’ve 
become much better at finding 
where people are coming from 
and finding ways to bridge that 
gap,” she says diplomatically. 

She’s tramped out to field com- 
mand posts, for instance, to learn 
about what managers need—and 
would be willing to try out. “The 
procedures in place to manage 
wildfires make it very hard to try 
new things,” she says. “You can’t 
just say “Try this model’ to some- 
one with no experience using it, 
who is engaged in responding to 
the incident.” 

In 2007, she visited the octa- 
gon house destroyed by the 
Esperanza fire, at the invitation 
of Zimmerman, the retired fire 
chief. Zimmerman has visited the site repeat- 
edly; each time, he says, “it’s a very difficult 
experience.” But Coen reveals little emo- 
tion. “I am freakishly analytical and Spock- 
like” sometimes, she says. And Zimmerman 
thinks more of that kind of thinking may be 
just what fire science needs. 


—ELI KINTISCH 
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Gain-of-Function Experiments on H7N9 


SINCE THE END OF MARCH 2013, AVIAN A INFLUENZA VIRUSES OF THE H7N9 SUBTYPE HAVE 
caused more than 130 human cases of infection in China, many of which were severe, result- 
ing in 43 fatalities. Although this ACH7N9) virus outbreak is now under control, the virus 
(or one with similar properties) could reemerge as winter approaches. To better assess the 
pandemic threat posed by A(H7N9) viruses, NIAID/NIH Centers of Excellence in Influenza 
Research and Surveillance (CEIRS) investigators and other expert laboratories in China and 
elsewhere have characterized the wild-type avian A(H7N9) viruses in terms of host range, 
virulence, and transmission, and are evaluating the effectiveness of antiviral drugs and vac- 
cine candidates. However, to fully assess the potential 
risk associated with these novel viruses, there is a need 
for additional research including experiments that may 
be classified as “gain-of-function” (GOF). Here, we 
outline the aspects of the current situation that most 
urgently require additional research, our proposed 
studies, and risk-mitigation strategies. 

The A(H7N9) virus hemagglutinin protein has 
several motifs that are characteristic of mammalian- 
adapted and human influenza viruses, including muta- 
tions that confer human-type receptor-binding and 
enhanced virus replication in mammals. The pan- 
demic risk rises exponentially should these viruses 
acquire the ability to transmit readily among humans. 

Reports indicate that several A(H7N9) viruses 
from patients who were undergoing antiviral treat- 
ment acquired resistance to the primary medical coun- 
termeasure—neuraminidase inhibitors (such as osel- 
tamivir, peramivir, and zanamivir). Acquisition of resistance to these inhibitors by A(H7N9) 
viruses could increase the risk of serious outcomes of A(H7N9) virus infections. 

The hemagglutinin proteins of A(H7N9) viruses have a cleavage site consistent with a 
low-pathogenic phenotype in birds; in the past, highly pathogenic H7 variants (with basic 
amino acid insertions at the cleavage site that enable the spread of the virus to internal 
organs) have emerged from populations of low pathogenic strains circulating in domestic 
gallinaceous poultry. 

Normally, epidemiological studies and characterization of viruses from field isolates 
are used to inform policy decisions regarding public health responses to a potential pan- 
demic. However, classical epidemiological tracking does not give public health authorities 
the time they need to mount an effective response to mitigate the effects of a pandemic 
virus. To provide information that can assist surveillance activities—thus enabling appro- 
priate public health preparations to be initiated before a pandemic—experiments that may 
result in GOF are critical. 

Therefore, after review and approval, we propose to perform the following experiments 
that may result in GOF: 

(i) Immunogenicity. To develop more effective vaccines and determine whether genetic 
changes that confer altered virulence, host range, or transmissibility also change antigenicity. 
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(ii) Adaptation. To assist with risk assess- 
ment of the pandemic potential of field 
strains and evaluate the potential of ACH7N9) 
viruses to become better adapted to mam- 
mals, including determining the ability of 
these viruses to reassort with other circulat- 
ing influenza strains. 

(iii) Drug resistance. To assess the poten- 
tial for drug resistance to emerge in circulat- 
ing viruses, evaluate the genetic stability of 
the mutations conferring drug resistance, 
evaluate the efficacy of combination ther- 
apy with antiviral therapeutics, determine 
whether the A(H7N9) viruses could become 
resistant to available antiviral drugs, and iden- 
tify potential resistance mutations that should 
be monitored during antiviral treatment. 

(iv) Transmission. To assess the pan- 
demic potential of circulating strains and 
perform transmission studies to identify 
mutations and gene combinations that con- 
fer enhanced transmissibility in mamma- 
lian model systems (such as ferrets and/or 
guinea pigs). 

(v) Pathogenicity. To aid risk assessment 
and identify mechanisms, including reas- 
sortment and changes to the hemagglutinin 
cleavage site, that would enable circulating 
A(H7N9) viruses to become more patho- 
genic. 

All experiments proposed by influenza 
investigators are subject to review by insti- 
tutional biosafety committees. The commit- 
tees include experts in the fields of infectious 
disease, immunology, biosafety, molecular 2 
biology, and public health; also, members of 
the lay public represent views from outside 
the research community. Risk-mitigation 
plans for working with potentially danger- 
ous influenza viruses, including 1918 virus 
and highly pathogenic avian HSN1 viruses, 
will be applied to conduct GOF experiments 
with A(H7N9) viruses (see supplementary 9 
text). Additional reviews may be required by = 
the funding agencies for proposed studies of $ 
A(H7N%9) viruses (see scim.ag/13BKS5Hs).  §& 

The recent HSN1 virus transmission con- 
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Work-Life Balance: 
Last Call 


You have one more week to respond to the NextGen 
VOICES survey! Share your thoughts about this 
question: 


What one change would most improve work-life 
balance for scientists? 


To submit, go to http://scim.ag/NextGen_8 


Deadline for submissions is 16 August. A selection 
of the best responses will be published in the 4 
October issue of Science. Submissions should be 
250 words or less. Anonymous submissions will not 
be considered. Please submit only once. 


troversy focused on the balance of risks and 
benefits of conducting research that proved 
the ability of the H5N1 virus to become 
transmissible in mammals (see www. 
sciencemag.org/special/h5n1). These find- 
ings demonstrated the pandemic potential 
of H5NI1 viruses and reinforced the need for 
continued optimization of pandemic prepar- 
edness measures. Key mutations associated 


Methylation and 
maturation in the brain 


H26 


with adaptation to mammals, included in an 
annotated inventory for mutations in HSN1 
viruses developed by the U.S. Centers for 
Disease Prevention and Control, were iden- 
tified in human isolates of A(H7N9) viruses. 
Scientific evidence of the pandemic threat 
posed by A(H7N9) viruses, based on HSN1 
GOF studies, factored into risk assessments 
by the public health officials in China, the 
United States, and other countries. 

Since the HSN1 transmission papers were 
published, follow-up scientific studies have 
contributed to our understanding of host 
adaptation by influenza viruses, the devel- 
opment of vaccines and therapeutics, and 
improved surveillance. 

Finally, a benefit of the H5N1 virus 
research controversy has been the increased 
dialogue regarding laboratory biosafety and 
dual-use research. The World Health Organi- 
zation issued laboratory biosafety guidelines 
for conducting research on H5N1 transmis- 
sion and, in the United States, additional 
oversight policies and risk-mitigation prac- 
tices have been put in place or proposed. 
Some journals now encourage authors to 
include biosafety and biosecurity descrip- 
tions in their manuscripts, thereby raising the 


TECHNICAL COMMENT ABSTRACTS 


Comment on “The Placental Mammal Ancestor and the Post-K-Pg Radiation 


of Placentals” 


Mark S. Springer, Robert W. Meredith, Emma C. Teeling, William J]. Murphy 

O'Leary et al. (Research Article, 8 February 2013, p. 662) examined mammalian relationships and divergence times 
and concluded that a single placental ancestor crossed the Cretaceous-Paleogene (K-Pg) boundary. This conclusion 
relies on phylogenetic analyses that fail to discriminate between homology and homoplasy and further implies 
virus-like rates of nucleotide substitution in early Paleocene placentals. 


Full text at http://dx.doi.org/10.1126/science.1238025 


Response to Comment on “The Placental Mammal Ancestor and the Post- 


K-Pg Radiation of Placentals” 


Maureen A. O'Leary, Jonathan I. Bloch, John J. Flynn, Timothy J. Gaudin, Andres Giallombardo, 
Norberto P. Giannini, Suzann L. Goldberg, Brian P. Kraatz, Zhe-Xi Luo, Jin Meng, Xijun Ni, 
Michael J. Novacek, Fernando A. Perini, Zachary S. Randall, Guillermo W. Rougier, Eric J. 
Sargis, Mary T. Silcox, Nancy B. Simmons, Michelle Spaulding, Paul M. Velazco, Marcelo 


Weksler, John R. Wible, Andrea L. Cirranello 


Tree-building with diverse data maximizes explanatory power. Application of molecular clock models to ancient spe- 
ciation events risks a bias against detection of fast radiations subsequent to the Cretaceous-Paleogene (K-Pg) event. 
Contrary to Springer et al., post-K-Pg placental diversification does not require “virus-like” substitution rates. Even 
constraining clade ages to their model, the explosive model best explains placental evolution. 


Full text at http://dx.doi.org/10.1126/science.1238162 
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awareness of researchers intending to repli- 
cate experiments. 

The risk of a pandemic caused by an avian 
influenza virus exists in nature. As mem- 
bers of the influenza research community, 
we believe that the avian A(H7N9) virus 
outbreak requires focused fundamental and 
applied research conducted by responsible 
investigators with appropriate facilities and 
risk-mitigation plans in place. To answer key 
questions important to public health, research 
that may result in GOF is necessary and 
should be done. 
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The End Times of Cold War Ecology 


Gregg Mitman 


he recognition that humans could 
| modify the entire planet did not orig- 
inate with concerns about global 
warming. In Arming Mother Nature, Jacob 
Hamblin offers a far-reaching and provoca- 
tive account of just how dependent narra- 
tives of global climate change 
are upon the military support, 
apocalyptic scenarios, and 
political ideology that shaped 
the growth of the modern envi- 
ronmental sciences during the 
Cold War. 

The triumph of physics 
during the Second World War, 
and the nuclear arms race that 
followed, long overshadowed historical atten- 
tion to the national defense roles other scien- 
tific disciplines played in the battles between 
communism and the West. But the past 
decade has brought increasing recognition of 
the importance of geology, atmospheric sci- 
ence, oceanography, and ecosystem ecology, 
among other disciplines, to Cold War geopo- 
litical concerns. Hamblin (a historian at Ore- 
gon State University) offers a much-needed 
synthesis that reveals “how fully the expe- 
rience of the Cold War transformed think- 
ing about humanity, the vulnerabilities of 
the earth, and the poisoned fruits of human 
labor.” As he compellingly shows, the pros- 
pect of a third world war has been integral to 
the scientific study, monitoring, and diplo- 
macy of global environmental change since 
the dawning of the nuclear age. 

As the Iron Curtain closed, and U.S. 
troops landed in Korea, the Joint Chiefs of 
Staff saw the next war as a total war, one that 
would be a clash not just of armies but of 
civilizations. Even without the use of atomic 
bombs, the military arsenal of biological, 
chemical, and radiological weapons to come 
could transform vast areas into uninhabitable 
wastelands. Hamblin finds little evidence 
that the United States actually deployed bio- 
logical weapons in the Korean War, despite 
accusations by China and endorsements by 
the French physicist Frédéric Joliot-Curie 
and the British microbiologist Joseph Need- 
ham. The claim’s real significance, Hamblin 
argues, is that no one questioned the United 
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The Birth of Catastrophic 
Environmentalism 


by Jacob Darwin Hamblin 
Oxford University Press, 
Oxford, 2013. 308 pp. $29.95, 
£18.99. ISBN 9780199740055. 


States was capable of doing so. Such capa- 
bility underscored the vulnerability of life— 
human and nonhuman alike—to the newly 
acquired, godlike powers of man. 

The lessons of ecology for war were read- 
ily apparent to military, intelligence, agricul- 
tural, and public health agen- 
cies in both the East and the 
West. The disruption of com- 
modities and foodstuffs dur- 
ing World War II made vis- 
ible the interdependencies of 
food chains across the world. 
Taking advantage of vulner- 
able economies of nature and 
nations through the design of 
biological agents that could destroy crops and 
livestock was but a first step in the full-scale 
attempt at ecocide the U.S. military 
would eventually adopt during the 
Vietnam War. In one of the most 
intriguing chapters, Hamblin con- 
nects the pioneering work of Brit- 
ish ecologist Charles Elton on inva- 
sion ecology to issues of agriculture, 
national security, and defense being 
discussed within military circles. 
Elton argued that ecological diver- 
sity was the best defense against 
biological invasion. How fortunate, 
experts in the United States and 
Britain believed, that the free mar- 
ket would, unlike centralized com- 
munist regimes, ensure the great- 
est variety of commodities during times of 
peace, protecting the health of biological 
populations in the event of war. 

The military strategists’ scorched-earth 
policies held the seeds of a growing global 
environmental awareness. Harnessing the 
forces of nature in the interest of defense 
required knowledge about Earth’s physical 
environment: its atmosphere, oceans, and 
lithosphere. Keeping a pulse on the planet 
arose as a result of both American and Soviet 
interest in monitoring the bombs going off in 
each other’s territories and the accompany- 
ing spread of radiation around the globe. Pro- 
grams such as the International Geophysical 
Year and agencies such as the Atomic Energy 
Commission and Office of Naval Research 
channeled funding into meteorology, ocean- 
ography, the geological sciences, and ecol- 
ogy to detect radioactivity, monitor fallout, 
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and understand the operational environment 
of the next war. With each nuclear test, the 
environment became a different place. With 
each thermonuclear explosion came data and 
the growing recognition—as President John 
Kennedy observed in 1963—that “science 
today has the power for the first time in his- 
tory to undertake experiments with premed- 
itation which can irreversibly alter our bio- 
logical and physical environment on a global 
scale.” 

In the final section, Hamblin elucidates 
how much the scenarios emerging at military 
think tanks like RAND and the doomsday 
predictions of environmentalists, popular- 
ized in best-selling books like The Popula- 
tion Bomb and Limits to Growth (1, 2), had 
in common. Both relied upon the same tools, 
data, and, often, scientists to imagine a future 
in which overpopulation, disease, resource 
scarcity, and atmospheric changes threat- 
ened human survival. The rhetoric of cata- 
strophic environmentalism proved particu- 
larly useful, especially to President Richard 
Nixon in his pursuit of détente with the Sovi- 


ets. The behind-the-scenes maneuvering of 
the United States to take control of the 1972 
United Nations Conference on the Human 
Environment and to bankroll the U.N. Envi- 
ronment Programme was, in Hamblin’s view, 
a strategic move. The Nixon administration 
sought to neutralize criticism of its environ- 
mental warfare in Vietnam and to ensure the 
United States maintained a leadership role 
vis-a-vis the Soviet Union as public cries for 
global environmental action grew louder. 
When President Jimmy Carter convened a 
National Academy of Sciences panel in 1980 
to conduct the first comprehensive review 
of carbon dioxide and climate change, its 
findings (3) were informed by the previous 
three decades of research and strategic think- 
ing on environmental futures. Most impor- 
tant, two of the most conservative members 
of the panel—physicist William Nierenberg 
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and economist Thomas Schelling—did not 
deny global warming. Instead, they took 
issue with the tendency of doomsday envi- 
ronmentalists to regard statist approaches to 
regulation as the only viable means to avert 
catastrophe and were confident that the mar- 
ket would help drive adaptation. The Cen- 
tral Intelligence Agency also took seriously 
the National Academy’s report, an indication 
that the military and intelligence communi- 
ties have consistently been out ahead of the 
American public and Congress in imagining 
and planning for a future in which climate 
change is real. But they continued to frame 
it within a Cold War ideology that saw West- 
ern market economies as more able to adapt 
to environmental change than the sluggish, 
complacent “Communist centralized econo- 
mies.” In the clash of civilizations, the West 
conveniently “appeared more capable of 
avoiding extinction.” 

A telling history, Arming Mother Nature 
illuminates the multiple ways in which our 
Cold War past continues to shape our envi- 
ronmental future. 
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NAVIGATION 
Wayfinding in the 
Information Age 


Deirdre Lockwood 


kayaking in Nantucket Sound when fog 

set in. Two months earlier, he had lost 
his bearings in fog while kayaking in Maine, 
so this time he had noted the direction of the 
wind and the sound of a harbor buoy as he 
set out. He used these signs to steer him- 
self back to land. Unbeknownst to him, two 
young women were paddling nearby, but they 
never made it back. Only one of their bodies 
was recovered, after days of searching. Huth 
concludes they may have mistakenly headed 
out to sea. 


I: October 2003, John Edward Huth was 
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Navigational aid. Marshall Islands stick chart from 
the Peabody Museum, Harvard University. 


The incident deeply affected Huth, a Har- 
vard particle physicist who has spent time 
in pursuit of the Higgs boson. It prompted 
him to delve into the science and history of 
human navigation without the aid of our cur- 
rent embarrassment of satellites. He turned 
his investigations into a freshman seminar, 
“Primitive Navigation.” Now he has synthe- 
sized what he’s learned into The Lost Art of 
Finding Our Way. 

The book offers a clear, comprehensive, 
and entertaining short course in navigation 
that draws on Earth science, history, anthro- 
pology, neuroscience, archaeology, and lin- 
guistics. It provides both a 
primer on navigational tech- 
niques and a tour through 
“the historical evolution of 
way finding.” Huth punc- 
tuates instruction on celes- 
tial navigation and reading 
wind, weather, and currents 
with engaging stories and 
images. These are derived 
from sources as varied as the oral histories of 
Pacific Islanders and Inuit hunters, Homer’s 
Odyssey, Icelandic sagas, navigational tables 
from the medieval Islamic world, and con- 
temporary news reports and sailing accounts. 
Huth jumps around nimbly in time and space. 
For example, he shifts from a mention of stel- 
lar navigation in the Book of Job to the story 
of the “French James Bond,’ Marc Aubri- 
ere. (Kidnapped in 2009 by a radical Islamist 
group in Mogadishu, Somalia, Aubriere 
escaped at night and used the stars to find his 
way to safety.) 

In some of the most fascinating parts of 
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the book, Huth explains the kit ofnavigational 
tools traditionally used by Pacific Islanders to 
find their way over large stretches of ocean 
between tiny atolls. Mariners created a men- 
tal “star compass” by dividing the sky into 
sections and memorizing which stars rise 
and set in them depending on progress along 
a journey and time of year. On the Marshall 
Islands, navigators have used wave patterns 
created by winds and refraction and reflection 
off islands to pilot their way between them. 
To illustrate and teach these patterns, they 
constructed complex stick charts by lashing 
together the midribs of coconut palms and 
pandanus roots. 

Chronicles of human wayfinding are 
also stories of getting lost, as all navigation 
is prone to error. Huth describes exercises 
with his undergraduate students to estimate 
the uncertainty of different navigational tech- 
niques as well as statistical models that pre- 
dict how far a lost person will stray from his 
or her origin over time. (The answer: not 
far. Most, driven by the anxiety of “woods 
shock,” tend to take an approximately “ran- 
dom walk,” going in circles. 

The author also tells the story of Crocker 
Land, a gleaming vista in the Canadian Arc- 
tic spotted by explorer Robert Peary in 1906. 
The discovery prompted a 1913 expedition to 
find it. When the expedition’s leader, Donald 
MacMillan, and a U.S. Navy ensign thought 
they had sighted the land Peary had described, 
their Inuit companions saw it for what it was: 
a mirage caused by light refracting near the 
horizon. As night fell, Crocker Land had 
disappeared. MacMillan wondered, “Could 
Peary with all his experience 
have been mistaken?” and 
soon concluded he had been 
tricked by a fata morgana. 

Huth is at his best when 
recounting stories like these. 
The sections covering the 
basics of celestial navigation 
and ocean currents, though 
clearly written, resemble a 
textbook in some places. While reading The 
Lost Art, however, I found myself noticing 
the prevailing winds and watching the skies 
to predict advancing weather. These things 
tend to drop away from us in our “bubble,” 
as Huth calls it—whether it is the famil- 
iar grid system of a city or the compass of 
a smartphone in our pockets. As he stresses, 
to acquire the skills of wayfinding we “abso- 
lutely must leave the bubble and look at the 
stars, the clouds, and the Sun.” For those 
who want to take that journey, he provides an 
excellent start. 
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SCIENCE PRIORITIES 


Who Will Pay for Public Access 


to Research Data? 


Francine Berman’ and Vint Cerf? 


n 22 February, the U.S. Office of 
() si: and Technology Policy 

(OSTP) released a memo call- 
ing for public access for publications and 
data resulting from federally sponsored 
research grants (/). The memo directed 
federal agencies with more than $100 mil- 
lion R&D expenditures to “develop a plan 
to support increased public access to the 
results of research funded by the Federal 
Government.” Perhaps even more suc- 
cinctly, a subsequent New York Times opin- 
ion page sported the headline “We Paid for 
the Research, So Let’s See It” (2). So who 
pays for data infrastructure? 

The OSTP memo requested agencies 
to provide plans by September 2013 that 
describe their strategies for providing pub- 
lic access to both research publications and 
research data. Plans are expected to be imple- 
mented using “resources within the existing 
agency budget,” i.e., no new money should 
be expected. Currently, federal R&D agen- 
cies are working hard to foster approaches 
to public access, to assess needs for support- 
ing partnerships and enabling infrastructure, 
and to develop timetables and approaches 
for implementation. We focus here on the 
research data portion of the OSTP memo, 
rather than on publications. 

Digital data are ephemeral, and access to 
data involves infrastructure and economic 
support. In order to support the download- 
ing of data from federally funded chemistry 
experiments, astronomy sky surveys, social 
science studies, biomedical analyses, and 
other research efforts, the data may need to 
be collected, documented, organized in a 
database, curated, and/or made available by 
a computer that needs maintenance, power, 
and administrative resources. Access to data 
requires that the data be hosted somewhere 
and managed by someone. Technological 
and human infrastructure supporting data 
stewardship is a precondition to meaningful 
access and reuse, as “homeless” data quickly 
become no data at all. 
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RESEARCH 
DATA 
PUBLIC ACCESS 


Research data of community value are 
supported today in a variety of ways. Some 
of them, like those in the Protein Data Bank 
(PDB) (3)—a database of protein structure 
information used heavily by the life sciences 
community—are supported by the pub- 
lic sector. (In particular, U.S. funding from 
the National Science Foundation (NSF), the 
National Institutes of Health (NIH), and the 
US. Department of Energy for the Research 
Collaboratory for Structural Bioinformat- 
ics (RCSB) PDB is $6.3 million annually.) 
Other data, as from the Longitudinal Study 
of American Youth (LSAY) (4)—a longitu- 
dinal study of student attitudes about science 
and careers—are available through subscrip- 
tion from the Inter-university Consortium 
for Political and Social Research (ICPSR) at 
the University of Michigan. (ICPSR mem- 
bership ranges from $15,750 for doctoral 
research—extensive academic institutions to 
$1680 for community colleges and provides 
access to 7500 data collections.) Some data 
live on researchers’ hard drives, some are 
stored by the commercial sector, and some 
are hosted in academic libraries, private or 
public repositories, or archives. Much of our 
federally funded research data are “‘at risk,” 
with no long-term viable economic model in 
place to ensure continuing access and preser- 
vation for the community. An in-depth study 
of the economics of digital preservation (5, 
6) explored the complex issues of supporting 
valued data for the public good, but ultimately 
there is no economic “magic bullet” that does 
not require someone, somewhere, to pay. 
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When economic models and infrastructure are 
not in place to ensure access and preservation, 
federally funded research data are “at risk.” 


What happens to valuable 
data when project funding ends? 
Consider, for example, a 3-year 
research project in which valu- 
able sensor data are collected 
from an environmentally sensi- 
tive area. Those data may be use- 
ful not just for the duration of the 
project but for the next decade 
or more to collaborators and a 
broader community of research- 
ers. For the first 3 years, the 
costs of stewardship (including 
development of a database that 
supports analysis, access to the 
data for the community through 
a portal, adequate storage and manage- 
ment of the data collection, and so on) may 
be paid for by the grant. But who pays for 
subsequent support? In such cases, research 
data may become more valuable just as 
the economics of stewardship become less 
viable. 

Up to this point, no one sector has stepped 
up to take on the problem alone, and it is 
unrealistic to expect as much. In the public 
sector, federal R&D agencies are unlikely 
to allocate enough resources to support all 
federally funded research data. The costs of 
infrastructure would absorb too great a por- 
tion of a budget that must support both inno- 
vation and the infrastructure needed to drive 
innovation. The private sector, especially 
in information technology, has tremendous 
capacity and expertise to support the stew- 
ardship of public-access research data; how- 
ever, there are few explicit incentives to take 
this on. In early 2008, Google announced 
that it would begin to support open-source 
scientific data sets. By the end of the year, 
the project was shut down for business rea- 
sons (7). Without explicit incentives and 
credits, it is challenging for companies to 
step forward and partner productively to 
support the common good. In the academic 
sector, university libraries are natural foci 
for the stewardship of digital research data. 
But they need financial support to evolve in 
this direction at a time when many budgets 
are being cut. 

The key is not to look to a particular 
sector alone but to develop much stronger 
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partnerships among sectors. Such a division 
of labor can provide a framework of options 
that distribute the burdens and benefits of 
stewardship and economic support. This is a 
growing trend internationally, where initia- 
tives such as the Vector Ecology and Con- 
trol Network (VECNet) (8) are combin- 
ing private funding (The Gates Foundation 
and others), public funding (the Australian 
National Data Service and others), and aca- 
demic sponsorship (Oxford, the Univer- 
sity of Pittsburgh, James Cook University, 
and others) with the goal of building tools 
to analyze malaria transmission and reduce 
its spread by vector control interventions. 


discovery through data sharing and collabo- 
ration. Public partnership with the academic 
sector can help provide access and steward- 
ship options as well. At present, many pro- 
gressive university libraries, such as the 
Johns Hopkins Sheridan Libraries (/3), are 
proactively seeking to address community 
needs for digital research data stewardship. 
With an initial public or private short-term 
“ramp-up” investment in library capacity 
and workforce (perhaps through something 
analogous to the federal government’s Small 
Business Innovation Research and Small 
Business Technology Transfer programs), 
as well as with the expectation that univer- 


... research data may become more valuable just as the 
economics of stewardship become less viable. 


The recent emergence of the community- 
driven Research Data Alliance (RDA) (9) is 
also capitalizing on cross-sector and trans- 
national opportunities to build the social, 
organizational, and technical infrastructure 
needed to accelerate open-access research 
data sharing and exchange. 

Within the United States, the public 
access for research data stewardship prob- 
lem could begin to be addressed through 
four coordinated approaches: 

Facilitate private-sector stewardship of 
public access to research data. With suffi- 
cient public incentives, including tax credits 
and other means, federal and state govern- 
ments could make it attractive for the private 
sector to host, preserve, and serve up public- 
access research data. Support for the public 
good is not new to the private sector. Private 
companies frequently sponsor the arts and 
social causes, often leveraging advanta- 
geous economic models that promote sup- 
port for the public good. Why not utilize the 
same approaches to provide stewardship for 
public-access research data, itself a quasi- 
public good? Note that it will be important 
for federal and state incentives to incorpo- 
rate a commitment to smooth the transition 
for research data collections when compa- 
nies choose to move their investments else- 
where. Moreover, adequate safeguards need 
to be in place to avoid private-sector control 
of access and use (0, //). 

Use public-sector investment to jump- 
start sustainable stewardship solutions in 
other sectors. The success of the Alzheim- 
er’s Disease Neuroimaging Initiative 
(ADNI) (/2) demonstrates that public- 
private partnerships can accelerate research 
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sities will work with their libraries to create 
sustainable economic models when such ini- 
tial funding has ended, libraries can begin to 
curate and provide access to some of the data 
that researchers are generating. 

Create and clarify public-sector stew- 
ardship commitments for public access to 
research data. There is ample precedent for 
the government to support certain data col- 
lections of great community value, such as 
the PDB. However, with thousands of grants 
per year and data sets ranging from mega- 
bytes or less to terabytes or more, not all fed- 
erally funded data can be realistically hosted 
within a public repository. In light of this, 
clarification about which collections would 
be supported by the public sector, for how 
long, and under what circumstances would 
be tremendously helpful to the research 
community. Knowing what will not be 
hosted within public repositories could help 
drive new stewardship efforts in other sec- 
tors as well. 

Encourage research culture change to 
take advantage of what works in the private 
sector. Finally, researchers, like the gen- 
eral public, subscribe to digital versions of 
newspapers, donate to Wikipedia, pay for 
and download iTunes, buy data services on- 
line, and so forth. In other words, research- 
ers pay for many kinds of digital data. Yet 
there is widespread expectation that access 
to research data should be supported by 
the government or academic institutions 
and be free to the research community. As 
community infrastructure becomes increas- 
ingly fundamental for data-driven research, 
the research community could begin to use 
economic models that are effective else- 
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where. Imagine supporting the National 
Virtual Observatory (astronomy data) from 
telescope advertisements or paying a small 
download fee for data from digital marine 
collections in the same way we download 
music from the Internet. Such economic 
models will not solve the whole problem but 
could help provide some infrastructure sup- 
port necessary for access and preservation 
of research data. [The possibility of charg- 
ing for the commercial use of databases as 
data tools under the take-and-pay rule has 
been suggested (/0).] 

Public access presupposes that the 
research data supported by public funding 
will be available when they are sought. Such 
availability is dependent on the existence of 
effective data infrastructure, i.e., to access 
data, they must be hosted somewhere, and 
someone must fund the human and tech- 
nological infrastructure that hosts the data. 
Without viable economic models for this 
infrastructure, valuable research data may 
disappear, making it accessible to no one 
and deterring us from making the most of 
our research investments. 
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GEOPHYSICS 


Buildings as Weapons of Mass 


Destruction 


Roger Bilham' and Vinod Gaur’ 


quarter of the world’s popula- 
Aw inhabits the nations of Iran, 

Afghanistan, Pakistan, India, 
Nepal, Bhutan, Bangladesh, Sri Lanka, and 
Myanmar. These countries lie on or near 
the northern edge of the Arabian and Indian 
Plates that are colliding with the southern 
margin of the Eurasian Plate (see the fig- 
ure, panel A). The collision occurs mid- 
continent and, as a result, earthquakes have 
historically destroyed many settlements, 
especially in Iran (/). Deaths from earth- 
quakes since 1900 have exceeded those 
in all previous centuries, and earthquake 
deaths to the east of Iran have far outnum- 
bered those in Iran (see the figure, panel B). 
We ascribe this to the recently increased 
population at risk in Pakistan and India 
and to the fragility of construction methods 
introduced there in the past century. 


Construction Without Oversight 


After each damaging earthquake, engineers 
tasked with reconstruction confront two 
questions: Why did so many structures col- 
lapse? And to what potential future accel- 
erations will new construction be exposed? 

Postseismic investigations reveal that 
structural collapse is typically attributable 
to shoddy construction resulting from pov- 
erty and ignorance, or to covert avoidance of 
building codes by contractors (2, 3). More- 
over, earthquake-resistant design codes, 
where they exist, are generally applied to 
civic structures only, and not to the dwellings 
where most of the people of South Asia live 
(3). Pervasive building fragility is all too fre- 
quently highlighted by the spontaneous col- 
lapse of multistory structures in the major 
cities of south Asia. During strong earth- 
quakes, widespread building collapse is not 
only expected but also statistically quantifi- 
able within minutes of the mainshock and is 
used to aid search and rescue (4, 5). 

The second question addresses the ade- 
quacy of prevailing seismic building codes. 


1Cooperative Institute for Research in Environmental Sci- 
ences and Department of Geological Sciences, University of 
Colorado, Boulder, CO 80309, USA. CSIR Centre for Math- 
ematical Modelling and Computer Simulation, Bangalore, 
and Indian Institute of Astrophysics, Bangalore 560 034, 
India. E-mail: bilham@colorado.edu; vgaur@iiap.res.in 


9 AUGUST 2013 VOL 341 


After an earthquake, the default engineering 
fix has been to rebuild with a code anticipat- 
ing an earthquake of similar severity. Revi- 
sions to seismic risk maps of India and Paki- 
stan soon follow major earthquakes, endors- 
ing a perception of 
increased seismic 
risk in the region of a 
recent earthquake. A 
moment’s reflection 
will reveal a flaw in 
this reasoning. Once 
an earthquake has 
drained local strain 
energy, the next 
damaging earthquake will most likely occur 
elsewhere in the region. Improved hazard 
maps are desirable, and where the historical 
record is long compared to the recurrence 
interval of earthquakes, a map of seismic 
risk may indeed resemble that of historical 
earthquakes. Unfortunately, the seismic his- 
tory of most of the region is short compared 
to the recurrence interval between its earth- 
quakes. 


Toward Estimates of Seismic Risk 


The region of highest seismic productiv- 
ity in south central Asia is the Himalaya 
collision itself, where several major earth- 
quakes in the past 200 years have resulted 
in tens of thousands of fatalities (see the fig- 
ure, panel A). Geological evidence for slip 
on the Himalayan frontal thrust caused by 
two great historical earthquakes in 1255 and 
1505 has also been reported (6, 7). Further- 
more, the tectonic setting of recent and antic- 
ipated earthquakes has been elucidated from 
Global Positioning System (GPS) geod- 
esy (measurements of surface strain rates) 
and background seismicity measurements 
(8). The recurrence interval of earthquakes 
remains elusive for most of the Himalayan 
arc, but there is good reason to suppose (7) 
that a sequence of great Himalayan earth- 
quakes in the past 10,000 years will even- 
tually be assembled that will guide quanti- 
tative estimates of Himalayan seismic risk. 
Although populations near the Himalaya 
face a clear risk from future great earth- 
quakes, moderate earthquakes throughout 
the continental collision zone threaten a far 
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The enforcement of sound building practices 
would substantially reduce future fatalities 
from earthquakes in south central Asia. 


greater population. The characterization of 
seismic risk in Iran benefits from a well- 
documented seismic history and numerous 
seismogenic surface faults that permit this 
history to be extended, in some cases by 
many tens of thou- 
sands of years (9). 
The faults that host 
earthquakes far from 
India’s plate bound- 
aries are less easy 
to characterize. GPS 
geodesy reveals neg- 
ligible deformation 
(below 2 mm per 
year) within the Indian Plate, even near the 
fatal June 1819 and January 2001 magni- 
tude 7 earthquakes in Bhuj. The historical 
record of mid-plate earthquakes offers little 
quantitative guidance (/0), and the paleo- 
seismic history of mid-plate earthquakes 
is difficult to capture, because the faults on 
which they occur rarely rupture the surface. 
The secondary effects of strong shaking 
recorded by disturbed soils and marine sed- 
iments, however, hold promise for comple- 
menting the meager written record. 

Another approach to supplement the his- 
torical record in the Indian Plate has been 
to investigate physical models of continen- 
tal collision. The front edge of India is bent 
downward by about 4 km by the weight of 
Tibet. This flexural loading stretches the 
surface and compresses the base of the 
Indian Plate in northern India and does 
the reverse in southern India, with a stress 
intensity that diminishes with distance 
from the Himalaya. Local extremes in com- 
pression or tension result in earthquakes 
throughout the subcontinent. Additional 
stresses arise from sedimentary loads along 
India’s rifted shorelines (//). These stresses 
and their slow variation with time are the 
reason that much of the continental Indian 
Plate is close to seismic failure; their spatial 
distribution provides a foundation for maps 
of future seismic risk. 

There remains the disquieting possi- 
bility that India’s historical record—even 
if it were known precisely—may not be a 
reliable key to its seismic future. Reser- 
voirs have triggered earthquakes in Koyna, 
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Warna, and, debatably, Latur (/2). On a con- 
tinental scale, the unloading of the flexural 
depression in the north by depletion of sub- 
surface reservoirs in the Punjab and Gan- 
ges plains and the corresponding increase 
in loading from new reservoirs in the south 
(13) have adversely perturbed the preindus- 
trial flexural loading of the Indian Plate. 
Although these stresses are small, they 
could prove fatal because they act on a sys- 
tem close to failure. 


Seismic Risk Versus Progress 


Earthquake hazard maps characterizing 
potentially active faults (in India, few active 
faults are exposed at Earth’s surface) are in 
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their infancy, and there are almost no data 
on the attenuation of strong shaking with 
distance in large earthquakes or the local 
amplification of seismic waves in cities. 
The establishment and implementation 
of credible earthquake-resistant building 
codes thus remains a data-gathering chal- 
lenge for scientists, engineers, and planners 
of South Asia. 

These studies will take many decades to 
complete, yet immediate and crucial deci- 
sions must also be made by those respon- 
sible for the safety of critical facilities. 
Nuclear power plants can be constructed 
to withstand the largest of earthquakes, 
but engineers need trustworthy estimates 
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of potential future accelerations. India has 
adopted a routine approach to calculating 
these accelerations (/4) but unsubstantiated 
claims for low seismic hazards at a planned 
nuclear power plant at Jaitapur south of 
Mumbai have left many uneasy (/5). The 
plant will be constructed on a coastal plain 
crossed by a fault that since 50,000 years 
ago may have lowered (//) the planned 
plant site by more than 20 m. The timing 
of earthquakes that permitted the fault to 
slip, and therefore its earthquake hazard, is 
unknown (//, /5). 

However, by far the greatest risk from 
earthquakes in South Asia is currently not 
from its nuclear facilities but from its frag- 
ile dwellings that will collapse in quite 
modest future shaking. Deaths from future 
earthquakes could be vastly reduced, with 
no additional scientific input, were gov- 
ernments to enforce existing construction 
codes. Conversely, the development of 
improved estimates of seismic risk will be 
futile if governments permit unauthorized 
and unsound construction practices to con- 
tinue (3, 4). 
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Graphene for Terahertz 


Applications 


Philippe Tassin', Thomas Koschny', Costas M. Soukoulis'? 


raphene is a one-atom-thick sheet of 

carbon atoms arranged in a honey- 

comb lattice. First obtained by exfo- 
liation of graphite in 2004 (/), graphene has 
since evolved into a thriving research topic 
because of its attractive mechanical, ther- 
mal, and electrical properties (2-4), particu- 
larly the exceptionally high electron mobil- 
ity. Such properties promise to revolution- 
ize many applications (2-4), ranging from 
solar cells and light-emitting devices to touch 
screens, photodetectors (4), microwave tran- 
sistors (5), and ultrafast lasers (6). We discuss 
here a number of special qualities of gra- 
phene that also make it desirable for devices 
manipulating terahertz waves. 

The single layer of carbon atoms enables 
device miniaturization down to the atomic 
length scale. The tunable electrical proper- 
ties, realized by raising or lowering the Fermi 
level, allow for unprecedented tunability of 
electromagnetic structures made of this mate- 
rial. The electric response of a graphene sheet 
is highly reactive, resulting in the existence 
of strongly localized, deeply subwavelength 
plasmons (collective electronic excitations), 
as well as the reduction of the resonance fre- 
quency of resonant structures made of pat- 
terned graphene that allows these resonators 
to be made much smaller than their resonance 
wavelengths. Also, with optical excitation, it 
is possible to create an inversion of the whole 
conical electronic band around the Dirac 
point up to the pump frequency, which should 
afford sizable broadband gain from terahertz 
to optical frequencies. 

Although there are abundant estimates 
from simplified theoretical models and 
experimental data for the DC properties of 
graphene from transport measurements, 
experimental data on the terahertz properties, 
especially the complex optical sheet conduc- 
tivity, have become available only in the past 
few years. These data are essential to assess 
the potential performance of graphene in its 
various envisioned applications (7). The sheet 
resistivity (the real part of the inverse com- 
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The optoelectronic properties of graphene are 
being explored for possible use in plasmonics 
and metamaterials at terahertz frequencies. 


effort has been directed to produc- 


i ing pristine samples and, indeed, 


suspended graphene (minimizing 


disorder and phonons originating 
from the substrate), cleaned in situ 
by heating, has shown impressive 


mobilities exceeding 10° cm’/V's, 


but at the expense of very limited 


carrier concentrations. On the 


other hand, large doping levels 


have been demonstrated by elec- 


trolytic gating, but this has led to 
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How graphene measures up. Overview of the sheet conductivity 
of graphene classified according to the dissipative loss and the con- 
finement as found in current literature [detailed data are provided 


in the supplementary materials (15)]. 


plex sheet conductivity) determines the loss, 
which relates to the dissipative quality factor 
of graphene-based metamaterials, as well as 
the propagation length of surface plasmons. 
The sheet inductivity (the imaginary part 
of the inverse complex sheet conductivity 
divided by the angular frequency) determines 
the confinement or kinetic inductance, which 
translates to the saturation frequency—or 
maximum resonance frequency—of small- 
scale metamaterial resonators, as well as to 
the “subwavelengthness” and lateral confine- 
ment of the surface plasmons. 

We surveyed direct experimental mea- 
surements of the terahertz sheet conductiv- 
ity of graphene found in the literature (see 
the figure, blue diamonds) (S—//). Select 
experimental data from transport measure- 
ments (green circles) are shown for compari- 
son. Theoretical investigations of potential 
graphene applications have chosen differ- 
ent, mostly very optimistic, assumptions (red 
squares) for the sheet conductivity. Nota- 
bly, the theoretical loss estimates are gener- 
ally about one order of magnitude below the 
experimental data. For reasonable carrier den- 
sities, these theoretical studies obtain interest- 
ing device behavior if the sheet resistivity is 
roughly 100 ohms or smaller (/2, 73). Much 
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much higher scattering. 

Interestingly, the experimental 
data line up within a rather narrow 
corridor (shaded blue), indicating 
that the variance in carrier con- 
centration roughly trades higher 
confinement for higher loss in 
existing graphene samples. How- 
ever, this observation should not 
be considered to indicate a partic- 
ular dependence of the momen- 
tum relaxation time on carrier concentration, 
as the available samples differ substantially 
from one another. Nevertheless, it illustrates 
the current discrepancy between the experi- 
mentally realizable and the theoretically 
desired performance. 

For metamaterial applications, graphene 
has to compete with metals. A 30-nm film 
of gold (7) has an experimentally measured 
sheet resistivity on the order of 1 ohm [yellow 
(Au) and gray (Ag) triangles in the figure], 
two orders of magnitude smaller than the 
theoretical lower limit of 30 ohms for free- 
standing graphene at room temperature (/4). 
The miniaturization advantage of graphene is 
marginal at terahertz frequencies, because the 
gold film is still much thinner than the free- 
space wavelength, and other constraints (e.g., 
minimum area to maintain a useful magnetic 
moment) require larger unit cells. However, 
a major drawback of metals is their lack of 
control over carrier density. Graphene offers 
a substantial advantage as its properties can 
be readily tuned by applying a gate voltage. 

For plasmonics, the main challenge is the 
short propagation length in graphene that is 
on the order of a few surface plasmon wave- 
lengths at best in state-of-the-art experi- 
ments. However, tunability and confinement, 
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in particular, may outweigh this limitation in 
the terahertz region as there are few alterna- 
tives (plasmon confinement on metals is very 
poor below optical frequencies). 

Graphene is a fascinating material for 
terahertz applications with its strengths in 
atomic thickness, easy tunability, and high 
kinetic inductance. The major challenge 
for these resonant high-frequency applica- 
tions remains to overcome the dissipative 
loss, which might be less of a disadvantage 
for surface plasmonics on graphene than for 
graphene as a substitute for metals in meta- 
materials. 
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TRANSCRIPTION 


Flashing a Light on the Spatial 
Organization of Transcription 


Colin Rickman"? and Wendy A. Bickmore”? 


t is surprising that the question of how 

transcription occurs in the eukaryotic 

cell nucleus is still a matter of contro- 
versy, given that it is such a basic cellu- 
lar process. Conventional imaging of tran- 
scription sites, RNA polymerase II (Pol IJ), 
and active genes suggests that transcrip- 
tion occurs at discrete places in the nucleus, 
termed transcription factories. What has not 
been clear is whether these sites are pre- 
assembled structures that prefigure function 
and to which genes must then move to be 
transcribed, or whether they are self-organiz- 
ing zones that form at active gene loci dur- 
ing the process of gene expression (/). One 
problem in resolving these issues has been 
the lack of information about the formation 
and stability of transcription factories in liv- 
ing cells—which could not be detected by 
conventional light microscopy with green 
fluorescent protein (GFP)-tagged Pol II 
(2). On page 664 of this issue, Cisse et al. 
(3) surmount this problem by using single- 
molecule light microscopy to determine the 
spatiotemporal organization of Pol II in the 
nucleus. Their observations of the formation 
of short-lived Pol II clusters that respond to 
transcriptional stimuli provide compelling 
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evidence against the idea of preassembled 
stable transcription factories. 

Cisse and colleagues expressed an 
a-amanitin—resistant form of the Pol II cat- 
alytic subunit (RPB1), fused to the photo- 
switchable fluorescent protein Dendra2, in a 
human cell line in which endogenous Pol II 
was destroyed with a-amanitin (4). Photo- 
activation localization microscopy (PALM) 
(5) was then used to examine Pol II at sin- 
gle-molecule resolution. By photoswitching 
a small subset of the Dendra2—Pol II mol- 
ecules (see the figure, panel A), their emit- 
ted light can be spatially resolved and their 
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Transient and highly dynamic clusters of RNA 
polymerase II form during the initiation phase 
of transcription. 


molecular position determined with high 
precision (on the order of tens of nanome- 
ters). However, a major limitation of PALM 
is that all depth (axial) information is lost 
in the final data set, commonly limiting its 
application to the study of events at the cell 
surface. Cisse et al. circumvented this prob- 
lem by performing PALM in live cells and 
analyzing both the size and the dynamics of 
cluster formation. Pair correlation was used 
to determine the probability of molecules 
residing at given distances from each other. 
This demonstrated the presence of Pol II 
clusters with an estimated size of ~100 nm, 
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Clustering to transcribe. (A) Cartoon showing four frames taken from a time series of images of Dendra2— 
Pol Il molecules (small circles) in a small genomic region before (green) and after (red) photoswitching. In 
the third frame from the left, the sudden appearance of a large number of photoswitched molecules in the 
imaged area indicates the formation of a Pol II cluster. That this does not continue into the fourth frame, even 
though photoswitching continues generally, indicates cluster dispersal. (B) Graph showing the detection (ver- 
tical lines) of Dendra2—Pol II photoswitching events per frame that might be seen from the images in (A); the 
temporally correlated high detection counts in the third frame indicate cluster formation. 
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in good agreement with electron microscopy 
studies of transcription factories (6). 

Normally in PALM data sets, the time 
of localization during the experiment is dis- 
carded. However, by using this information 
in a technique called tcPALM (time-corre- 
lated detection counting PALM), the authors 
detected molecules that were clustered not 
only in space but in time. Clusters formed 
rapidly (average lifetime ~5 s), followed 
by a sharp decrease in the number of mol- 
ecules detected in the cluster (see the fig- 
ure, panel B). This can be interpreted as the 
dynamic assembly and disassembly of Pol II 
foci, compatible with previous observations 
of GFP-tagged Pol II on an artificial gene 
array (7) but not consistent with the idea of 
preformed stable transcription factories. 
Furthermore, both the size and lifetime of 
clusters increase (the latter by almost an 
order of magnitude) when transcription is 
stimulated by serum addition. Together, 
these data strongly suggest that Pol II clus- 
ters form as a consequence of events linked 
to transcription. 

Transcription initiates when Pol II is 
bound to a promoter and opens the double- 
stranded DNA to form a transcription bub- 
ble. However, for most genes Pol II then 
pauses and subsequent elongation requires 
the removal of negative elongation fac- 
tors by the P-TEFb kinase (4). Because Pol 
II clusters were still detected when tran- 
scription elongation was blocked with the 
P-TEFb inhibitor flavopiridol, Cisse et al. 
conclude that cluster formation is not a 
consequence of transcription elongation 
but is likely linked to transcription initia- 
tion, or preinitiation. However, the clusters 
that formed in the presence of flavopiridol 
appeared much more stable, implying that 
cluster dissolution is linked to the transi- 
tion from transcription initiation into elon- 
gation. Dissassembly could not be directly 
reported by the technique described in their 
study, because molecules that have already 
been used to report cluster formation can- 
not be imaged again (the fluorophores are 
photodestroyed during the acquisition) and 
the inverse of a burst would simply be an 
uninterpretable absence of signal. To mea- 
sure dissasembly directly will require an 
entirely new experimental approach, poten- 
tially using dynamic fluorescence resonance 
energy transfer (FRET) measurements to 
report loss of clustering. 

The data provided by the creative imaging 
approach reported by Cisse et al. are consis- 
tent with the transient accumulation of Pol 
II at genes as they are activated, as has been 
seen during the activation of Hsp70 genes 
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on Drosophila polytene chromosomes (8). 
Although RNA fluorescence in situ hybrid- 
ization was used to show the coincidence of 
messenger RNA (mRNA) for an active gene 
(B-actin) with a Pol II cluster, the current 
study cannot address whether Pol II clus- 
ters form over the gene, or whether the gene 
is recruited to a Pol II cluster—although 
the latter would have to occur very rapidly, 
given the observed kinetics. Also unresolved 
is whether any one cluster is associated with 
just one gene or with several. 

What might be the function—if any— 
of the rapid formation of transient Pol II 
clusters? Transcription involves a complex 
series of protein-protein and protein-DNA 
interactions, and requires the assembly of 
very large complexes at promoters. The 
efficiency of transcription initiation may 
therefore be enhanced if transient molecu- 
lar crowding of key components helps to 
drive rate-limiting steps. For most genes, 
transcription is discontinuous, with bursts of 
mRNA production interspersed with periods 
of inactivity (9). By coupling the dynamic 
analysis of Pol II with live-cell imaging of 
transcription from a specific gene, it may 
be possible to determine whether the Pol II 
cluster lifetime corresponds directly to the 
burst size of transcription. 


The elegant study of Cisse et al. serves 
to illustrate how super-resolution and fast 
live-cell imaging, when coupled to care- 
fully considered data analysis and the abil- 
ity to inhibit specific processes, can provide 
insights into long-standing biological ques- 
tions. A goal must now be to integrate this 
new information into the biochemistry of 
transcription initiation and into studies of 
three-dimensional genome organization. 
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PHYSIOLOGY 


Lymphatics Are in My Veins 


Michael Simons"? and Anne Eichmann'*4 


Molecular mechanisms regulating lymphangiogenesis may be exploited as potential treatments 


for disorders of lymphatic circulation. 


T= lymphatic system is generally 
underappreciated until something 
goes wrong. It controls fluid bal- 
ance, dietary lipid absorption, and immune 
surveillance (/).When disrupted in adults, 
the consequences can be lethal, arising 
from inflammation, infection, and fibrosis. 
Impaired lymphatic vessel development 
causes fluid and protein accumulation in tis- 
sues, resulting in lymphedema, a disfiguring 
and disabling swelling of the extremities and 
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other parts of the body. Moreover, lymph- 
edema and chronic inflammation are aggra- 
vating factors in cardiovascular disease. 
Therapeutic agents that can promote lym- 
phatic vessel formation (lymphangiogen- 
esis) should prevent lymphedema and ben- 
efit individuals with cardiovascular pathol- 
ogies. Both blood-vascular and lymphatic 
circulatory systems are closely intermingled 
and share many molecular signaling mecha- 
nisms for their development (2). At a recent 
meeting (3), advances in our understanding 
of these mechanisms indicate that selec- 
tively targeting lymphatic vessels without 
affecting blood vessels remains a challenge. 

The major growth factors that regulate 
angiogenesis (new blood vessel formation 
from existing vessels) and lymphangiogen- 
esis include vascular endothelial growth fac- 
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Lymphatic vessels. The blood-vascular system and lymphatic system are closely intertwined in tissues. The growth factor 
VEGF-C promotes both angiogenesis and lymphangiogenesis. The signaling pathways that promote lymphangiogenesis 
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are shown. MEK, mitogen-activated protein kinase kinase; RAF1, rapidly accelerated fibrosarcoma 1. 


tor A and C (VEGF-A and -C). A deficiency 
in VEGF-A is lethal in early embryonic 
mice due to nearly complete failure of blood 
vessel development. Mice lacking VEGF-C 
die later in embryogenesis from the absence 
of lymphatic vessel sprouting. Thus, there 
are critical, nonoverlapping functions for 
VEGF-A and -C in the development of both 
circulatory systems. However, VEGF-C also 
affects angiogenesis (4), and although it is 
currently the most promising avenue to treat 
lymphedema (5), it may also induce blood 
vessel growth and unwanted side effects in 
patients. Developing selective therapies to 
promote lymphangiogenesis requires better 
knowledge about the context-dependent sig- 
naling of VEGF-C in blood and lymphatic 
vessels. 

During embryonic life, lymphatics 
develop from veins after the onset of cir- 
culation. This requires a subset of blood- 
vascular endothelial cells (BECs) in the 
jugular vein to acquire lymphatic identity. 
These lymphatic endothelial cells (LECs) 
must then migrate out of the cardinal vein 
and form the jugular lymphatic sacs, which 
through expansion and sprouting give rise to 
the entire lymphatic vasculature. 

The cellular signaling events determin- 
ing lymphatic fate specification involve 
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sequential activation of two transcription 
factors, SOX18 and PROX1, in the cardi- 
nal vein. In the absence of Sox18 or Prox] 
function in the mouse, venous endothelial 
cells fail to express LEC-specific “identity” 
markers, leading to failure of lymphatic pro- 
gramming (6, 7). Prox! is required through- 
out life to maintain LEC identity; deletion 
of the Prox] gene at any stage of mouse 
development reverses LEC to BEC identity, 
and leads to the fusion of LECs with blood 
vessels (8). How Sox18 expression is lim- 
ited to a subset of cells in the cardinal vein 
is unknown. Sox18 and Prox! are expressed 
in vein endothelial cells for a defined devel- 
opmental period, but how this determines 
the total number of LECs generated is also 
unknown. 

Two key findings provide new insight 
into how LEC specification is controlled. 
Signaling by bone morphogenetic protein 
2 (BMP2) is required for venous sprout- 
ing angiogenesis, without affecting arter- 
ies (9). This increase in venous cells may 
occur at the expense of LEC formation; 
BMP2 blocks Prox! expression, which sup- 
presses LEC specification (3). Factors turn- 
ing off BMP2 signaling may hence represent 
the elusive inducers of LEC differentiation. 
Another finding is that increased signaling 
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by extracellular signal-regulated 
kinase (ERK) enhances Sox18 
expression and LEC differentia- 
tion, leading to sustained LEC 
specification and outmigration 
from the cardinal vein. The result 
is pathologically smaller veins, 
enlarged lymphatic vessels, and 
lymphangiectasia (dilation of 
lymph vessels) (/0). Together, 
these findings suggest that the 
BEC decision to become lym- 
phatic or remain venous 1s deter- 
mined by a balance between 
different signaling inputs, and 
reveal at least two variables 
that control LEC specification— 
BMP2 and ERK signaling. Thus, 
the simultaneous suppression of 
BMP2 and activation of ERK 
should markedly increase this 
specification (see the figure). 

The process of LEC sprouting 
is also mysterious. VEGF-C and 
its cognate receptor VEGFR3 
constitute the only signaling sys- 
tem thus far implicated in this 
process (/, 2). In the absence 
of functional VEGFR3, LECs 
become properly specified but 
cannot sprout from the cardinal 
vein. However, VEGFR3 also affects angio- 
genesis (4). It is expressed on both BECs 
and LECs during early mouse embryonic 
development, and its expression decreases in 
BECs after LEC specification while remain- 
ing high in LECs. How VEGFR3 signaling 
acts in several distinct contexts during both 
blood-vascular and lymphatic development 
is unknown. In BECs, VEGFR3 regulates 
sprouting angiogenesis through crosstalk 
with the signaling pathway controlled by 
Notch protein, but the role of Notch in LECs 
is not fully understood (3, //). 

VEGF-C binding induces VEGFR3 
dimerization and subsequent receptor auto- 
phosphorylation of tyrosine residues within 
its cytoplasmic domain. VEGFR3 activates 
two signaling pathways—phosphatidylinosi- 
tol 3-kinase (PI3K)-Akt and ERK—through 
different phosphorylated tyrosines, which 
suggests that each output may lead to distinct 
cellular responses at the different develop- 
mental steps (3, 72). However, little is known 
about the in vivo requirement for either sig- 
naling branch. Mice lacking pik3r/1, which 
encodes the regulatory subunit of PI3K, 
display defects in lymphatic remodeling 
and maturation, whereas lymphatic vessels 
show an increased expression of BEC mark- 
ers such as endoglin (/3). It may be that 


623 


Downloaded from www.sciencemag.org on August 8, 2013 


PERSPECTIVES 


624 


down-regulation of ERK activity (by the 
enzyme Akt) could serve as a critical control 
point in LEC sprouting and also contribute 
to LEC differentiation and the maintenance 
of lymphatic identity (3). 

It is likely that VEGR3 signaling out- 
puts are further modulated by other signal- 
ing molecules expressed at the same time. 
The receptors for BMPs and transforming 
growth factor-f (TGFB) emerge as inter- 
esting candidates in this context. Inducible, 
endothelial-specific deletion of TGFB recep- 
tors (TGFBR2 and Alk5) suppresses LEC 
sprouting at the expense of LEC prolifera- 
tion by altering the expression of VEGFR3 
and another VEGF-C receptor called neu- 
ropilin-2 (3). BMP9, which binds with high 
affinity to a receptor complex composed of 
BMPR2 and Alk1, also affects lymphangi- 
ogenesis (1/4, 75). Alk1 inhibition using a 
“ligand trap” blocked sprouting angiogen- 
esis and decreased lymphangiogenesis (/5, 
16), which suggests that BMP9 may be a 
potential target for promoting lymphan- 
giogenesis without stimulating growth of 
blood vessels. Further studies are required 


to determine how BMPs and TGF® affect 
lymphangiogenesis. 

Other important recent discoveries in the 
field include the RNA binding protein called 
human antigen R (HuR) in maintaining 
the stability of mRNA encoding VEGF-C 
and -A. Depending on the cell type in which 
HuR is deleted, this results in impairment 
of lymphangiogenesis or angiogenesis (3). 
LEC mechanosensing is also emerging as 
a critical regulator of lymphangiogenesis 
and lymphatic valve formation, although 
many details are yet to be filled in (/7, /8). 
And exciting results suggest that cutaneous 
lymph capillaries are important for systemic 
blood pressure control by locally modulat- 
ing skin electrolyte composition (19). 

Unlike the blood system, much about 
the lymphatic system remains elusive. As 
our understanding of its development and 
pathology grows, we should begin to finally 
develop treatments for lymphedema and 
other disorders of lymphatic circulation— 
progressive, lifelong conditions that affect 
millions of people, for whom curative treat- 
ments are currently not available. 
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CHEMISTRY 


Copper's Contribution to 
Amination Catalysis 


Sherry R. Chemler 


opper complexes are used as cata- 
lysts in modern synthetic chemistry 
because of their low cost, versatile 
reactivity, and broad tolerance for functional 
groups on substrates. Oxidation states in cop- 
per complexes can range from Cu’ to Cu’, and 
the metal center can participate in either two- 
electron or single-electron processes, some- 
times both in the same catalytic cycle (J—-6). 
This perspective highlights copper’s contri- 
bution to amination catalysis, specifically the 
formation of carbon-nitrogen (C—N) bonds by 
coupling amines or amides with aryl halides 
(ArX) and alkyl halides (Ullmann-Goldberg 
reaction), arenes and alkanes [carbon-hydro- 
gen (C—-H) bond amination], or alkenes (oxi- 
dative amination, aminooxygenation, car- 
boamination, and diamination). 
Formation of C—N bonds is one of the 
most common transformations in pharma- 
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ceutical synthesis. The Ullmann-Goldberg 
reaction, which couples aryl halides with 
anilines and amides (see the figure, panel A), 
has undergone extensive development since 
its initial discovery in 1906 (4, 7). Initially, 
this reaction was performed with limited 
substrates at high temperatures (~210°C) 
with elemental copper (>13 mol %). Subse- 
quent work showed that certain ligands and 
solvents (that can serve as ligands) substan- 
tially increase copper’s catalytic activity and 
opened up a much broader substrate range. 
The reaction can be run at moderate temper- 
atures (23° to 130°C) and in most cases with 
lower catalyst loading (1 to 20 mol %). 

The mechanism of the Ullmann-Gold- 
berg reaction is thought to initiate with 
the formation of an amido-copper(I) inter- 
mediate (see the figure, panel B) (8, 9) 
that reacts with aryl halides. The resulting 
organocopper(III) intermediate undergoes 
reductive elimination to form the C—N bond 
and regenerate the [Cu'] catalyst (0). Mech- 
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Copper complexes catalyze a remarkably 
broad range of organic reactions that form 
carbon-nitrogen bonds. 


anisms involving oxidative addition into 
the Ar—X bond or single-electron transfer 
(SET), possibly via atom transfer, have been 
proposed for this step. The former creates 
the organocopper(III) intermediate directly, 
whereas the latter forms an ary] radical that 
can add to the resulting [Cu"]. 

The SET mechanism can be favored if the 
reaction is promoted by light at temperatures 
where the thermal reaction is not observed 
(1). Ultraviolet light excites an electron on 
the copper(I) amide to a higher-energy state, 
which in turn reduces the aryl halide to an 
aryl radical that combines with the result- 
ing copper(II) amide to form a copper(II) 
intermediate. This strategy was also used to 
couple amines and alkyl halides (/2). Reac- 
tion temperatures can be reduced with these 
photoreactions, and the stereochemical out- 
come could be altered, such as net reten- 
tion of configuration at carbon instead of 
the usual inversion of configuration (see the 
figure, panel C) (/2). In this reaction, the 
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Copper catalysis of carbon-nitrogen bond formation. Examples and mecha- 
nistic details are shown for reactions that form amides from (A to D) aryl and 
alkyl halides, and (E and F) activated C-H bonds. In (G), nucleophilic addition of 
amine nucleophiles to alkenes is shown for aminooxygenation and carboamina- 
tion. In (H), an example of diamination in shown. Conditions in (D) were 10 mol % 


stereochemistry of the alkyl amine product 
is controlled by the chirality of the carbon 
adjacent to the halogenated carbon. 

A chiral copper catalyst can be used to 
control the absolute stereochemistry in the 
thermal Ullmann-Goldberg reaction man- 
ifold (see the figure, panel D) (3). The 
desymmetrization of an achiral substrate 
that contains both amine and aryl halide 
components was achieved, forming a chi- 
ral indoline. The researchers proposed that 
the enantioselectivity was determined in the 
oxidative addition step (73). 

Direct amination of a C—H bond bypasses 
the need for adding a halide to an existing 
molecule. Oxygen gas is frequently used as 
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an environmentally benign stoichiometric 
oxidant in these reactions. At present, cop- 
per-catalyzed C—H aminations are limited 
to acidic arenes (those functionalized with 
electron-withdrawing groups) and those 
functionalized with directing groups usually 
adjacent (ortho) to the C—H bond (see the 
figure, panel E) (6, 10). Copper-catalyzed 
C-H aminations can occur either via two- 
electron or SET mechanisms, depending 
largely upon the substrate’s structure and the 
oxidants and ligands used. Copper-catalyzed 
intra- and intermolecular net C-H amina- 
tions of activated alkenes (vinyl arenes) that 
involve nitrogen radical intermediates have 
also been reported (/4). 
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Cul, 20 mol % chiral ligand, Cs,CO,, dioxane, room temperature (rt) for 10 
hours (h). Conditions in (E) were 20 mol % copper(II) acetate, 1 atm O,. For the 
first example, p-toluenesulfonamide, dimethylsulfoxide, 48 hours, 160°C were 
used, and for the other examples 4-NOC,H,NH,, dimethylformamide, potassium 
tert-butoxide, TEMPO, 40° or 80°C, 24 hours were used. 


The C—H amination of alkanes under 
oxidizing conditions (75) can occur and pro- 
ceed either as concerted, C—H insertion of 
copper nitrenes ([CuJ=NR), or cascades in 
which C-H atom abstraction is followed by 
radical rebound processes. In both cases, 
weaker C—H bonds, such as those adjacent 
to phenyl rings and alkenes, can be targeted 
(see the figure, panel F). Asymmetric cataly- 
sis has been achieved in a few allylic ami- 
nation cases; yields and enantioselectivities 
are promising but moderate (yields up to 
44%; enantioselectivities up to 70%) (16). 

Copper catalysts enable the addition of 
amine nucleophiles to alkenes by acting as 
an electrophile to accept x-bond electrons. 
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Copper(II)-2,2'-isopropylidenebis[(4R,5S)- 
4,5-diphenyl-2-oxazoline]ditriflate 
{[Cu(4R,5S)-bis-Ph-box](OTf),} catalyzes 
intramolecular additions of sulfonamides to 
terminal alkenes with concomitant addition 
of the stable oxygen radical (2,2,6,6-tetra- 
methylpiperidine-1-yl)oxyl (TEMPO) (see 
the figure, panel G) (/7). The mechanism 
involves concerted intramolecular addition 
of R,N-[Cu"] across the alkene followed by 
C-[Cu"] homolysis and subsequent carbon 
radical coupling with TEMPO. A different 
ring-forming alkene amino-functionaliza- 
tion strategy involves electrophilic addi- 
tion of a chiral organocopper(III) complex 
(formed in situ by oxidation of a chiral Cu! 
complex with [Ph-I-Ph]AsF,) (where Ph 
is phenyl) to the electron-rich alkene of an 
indole (see the figure, panel G) (78). Amine 
addition to the resulting iminium ion forms 
a new C-N bond, and reductive elimination 
provides the chiral C—C bond. 

Finally, diamination is one of the more 
sought-after alkene difunctionalization 
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reactions, and it can occur as an intermo- 
lecular copper-catalyzed reaction of dienes 
with diaziridinones with complementary 
regioselectivity by either a two-electron 
or single-electron mechanism, depending 
upon the ligands used (see the figure, panel 
H) (79). Oxidative addition of [Cu'] into the 
diaziridinone gives a new [Cu'"] species that 
can be in equilibrium with a [Cu"] species 
by Cu-N homolysis. Electrophilic addi- 
tion of the copper(IID species to the alkene 
occurs at the more electron-rich, internal 
alkene, generating the internal diamine. 
This preference can be changed by addition 
of the bulky PCy, (tricyclohexylphosphine) 
ligand, which shifts the equilibrium to the 
copper(II)-aminyl radical species that favors 
addition to the terminal alkene carbon. 
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The Maturing Brain Methylome 


Harrison W. Gabel and Michael E. Greenberg 


he methylation of DNA in mammalian 
[estan regulates gene expression, 

guiding differentiation and maintain- 
ing cellular identity within tissues. However, 
it may have a distinct function in the brain. On 
page 629 of this issue, Lister et al. (7) present 
a comprehensive analysis of DNA methyla- 
tion and hydroxymethylation at single-base 
resolution in the mammalian frontal cortex. 
The authors chart out striking postnatal alter- 
ations in neuronal methylation profiles that 
occur as synapses develop and are refined, 
from the fetal to adult stage. The patterns 
suggest that DNA methylation is important 
in the maturation of neurons in the develop- 
ing brain. 

DNA methylation represses gene expres- 
sion in all mammalian cells. The methylation 
of cytosines in the context of cytosine-gua- 
nine dinucleotides (mCG) is a stable repres- 
sive mark on DNA. However, the Tet fam- 
ily of enzymes converts methylcytosine to 
hydroxymethylcytosine (hmC), an oxidized 
form that can be demethylated (2, 3). hmC is 
enriched in stem cells and neurons, suggest- 
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ing that they might be particularly susceptible 
to changes in DNA methylation state (2, 4). 
Intriguingly, stem cells and brain tissue also 
contain substantial cytosine methylation out- 
side of the CG context [mCH, where H 1s ade- 
nine (A), thymine (T), or cytosine (C)], which 
is rare in most somatic cells (5, 6). Although 
the role of hmC and mCH in stem cells has 
been extensively investigated at base-pair res- 
olution (5, 7), there has been limited exami- 
nation of DNA methylation at high resolution 
in the brain. 

Using high-throughput sequencing to 
profile the mouse and human cortex from 
the fetal to adult stage, Lister et al. revealed 
a conserved, genome-wide increase in mCH 
amounts in the brain after birth. Although 
the period during which mCH accumulates 
differs between mice and humans (several 
weeks versus several years, respectively), the 
increase coincides with the peak of synap- 
togenesis and synaptic pruning in the brain 
for each organism (see the figure). Thus, the 
acquisition of mCH may be linked to neuro- 
nal maturation. High amounts of mCH were 
found in neurons compared to low amounts in 
nonneuronal (glial) cells. Although the aver- 
age percentage methylation detected in neu- 
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DNA methylation patterns in the developing 
and adult mammalian brain point to a role 
in synaptic development and maturation. 


rons at CH is quite low (~2 to 6%) and quite 
high at CG (~80%), because CG is rare in 
mammalian genomes relative to CH, a sim- 
ilar number of total mCH and mCG events 
occur in neurons. Indeed, in adult human 
neurons, the total number of mCH sites sur- 
passes that of mCG sites. Rather than a minor 
addition to the methylation modifications in 
the genome (“methylome”), mCH is likely 
a major substrate for gene regulation in the 
maturing brain. 

hmC builds up in neurons with a timing 
similar to that of mCH (8), raising the pos- 
sibility that, in addition to occurring at CG, 
hydroxymethylation also takes place at CH 
in the brain. Lister et a/. used another high- 
throughput sequencing method (9) to profile 
hmC at single-base resolution in mouse fetal 
and adult frontal cortex. Surprisingly, even 
though hmC and mCH both accumulate as the 
brain matures, hydroxymethylation occurs 
almost exclusively in the hmCG context. If 
mCH is converted to hmCH at all, it must be 
extraordinarily short-lived, as it is essentially 
undetectable at steady-state amounts. 

To better understand how methylation 
contributes to transcriptional regulation, 
Lister et al. performed integrated analysis 
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A distinct neuronal methylome. (A) High mCH and 
hmCG accumulate in mammalian neurons postna- 
tally, coinciding with the period of active synapse 
development and maturation. (B) mCH builds up 
in adult neurons and is enriched at repressed genes 
and enhancers. hmCG associates with active genes 
and can premark enhancers in the fetal brain that 
will become demethylated and active in the adult. 
Differential affinity to hmCG and mCH may alter the 
binding profile of methyl-DNA—binding proteins and 
thereby control distinct neuronal transcription. 


of hmC, mCG, and mCH profiles, mRNA 
expression, and epigenomic data sets from 
the brain. The authors observed an expected 
enrichment of mCG and mCH at genes and 
distal regulatory elements correlating with 
transcriptional repression, whereas hmC is 
deposited across active genes (6, 8). Previ- 
ously undescribed patterns of methylation in 
the brain also were uncovered, such as enrich- 
ment of mCH at genes that escape X-chromo- 
some inactivation in females. Lister et al. also 
noted that, while glial genomes contain low 
global amounts of mCH, mCH is enriched at 
genes that are repressed in either neurons or 
glia, indicating that mCH may enforce cell- 
type-specific transcription in both of these 
related cell lineages. Further, the authors 
detected thousands of developmental-stage— 
and cell-type—specific methylation sites at 
putative enhancers. Thus, some inactive 
enhancers in the fetal brain are marked with 
hydroxymethylation, which likely leads to 
subsequent demethylation and activation in 
the adult. 

The findings of Lister et al. pave the 
way for examining how the brain-specific 
methylome is established. For example, 
the enzymes that generate high amounts of 
hmC and mCH in neurons have not yet been 
described. A strong candidate is Dnmt3a, a 


DNA 
strand 


methyltransferase that peaks in expression 
in neurons during the period of mCH deposi- 
tion and displays methylation activity on CH 
dinucleotides (/0). Likewise, it has not been 
fully determined which Tet enzyme(s) drive 
the buildup and patterning of neuronal hmC. 
Because hmC and mCH profiles display a 
high degree of conservation and reproducibil- 
ity across individuals, they likely result from 
regulated processes. However, it is unclear to 
what extent the patterns of hmC and mCH in 
neurons result from sequence-directed target- 
ing mechanisms or if they occur secondarily, 
guided by accessible chromatin structure or 
transcriptional activity. 

Although the profiles point to regulatory 
roles for mC and hmC in the brain, the mech- 
anisms by which these marks are read out to 
affect gene expression await elucidation. It 
will be essential to understand which DNA 
binding factors are recruited to mCG, mCH, 
and hmCG to mediate their regulatory func- 
tions. Multiple proteins differentially bind 
to unmethylated, methylated, and hydroxy- 
methylated DNA (//, /2). In neurons, high 
hmCG amounts at some CG sites could block 
proteins from binding, whereas mCH may 
provide an array of new binding sites in the 
genome. Notably, the methyl-DNA—bind- 
ing protein MeCP2 accumulates in the brain 
with a timing similar to that of the increase 
in mCH and hmC (/3). It is possible that in 
neurons, MeCP2 binds to the additional sites 
afforded by mCH to repress genes. Because 
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nections? Because the frontal cortex devel- 
ops postnatally in concert with input from 
the environment, it is possible that neuro- 
nal-specific DNA methylation contributes 
to sensory input-dependent changes in gene 
expression and synaptic development. Alter- 
natively, high amounts of mCH and hmC may 
facilitate the generation of diverse neuronal 
subtypes; acquisition of the neuronal-specific 
methylome coincides with the final stages of 
neuronal differentiation that give rise to the 
many neuronal subtypes of the brain. The 
propensity of mCH to mark cell-type—spe- 
cific genes and the differential methylation 
of enhancers suggest that the methylation 
profile of a neuron may dictate its specific 
gene expression profile and functions within 
the context of a neural circuit. Future studies 
should determine whether epigenomic rear- 
rangements affect neuronal cell-type diver- 
sity and/or sensory-dependent synapse matu- 
ration and circuit formation in the developing 
brain. 
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Sequence-Controlled Polymers 


Jean-Francois Lutz,* Makoto Ouchi, David R. Liu, Mitsuo Sawamoto 


Background: During the last few decades, progress has been made in manipulating the archi- 
tecture of synthetic polymer materials. However, the primary structure—that is, the sequential 
arrangement of monomer units in a polymer chain—is generally poorly controlled in synthetic 
macromolecules. Common synthetic polymers are usually homopolymers, made of the same mono- 
mer unit, or copolymers with simple chain microstructures, such as random or block copolymers. 
These polymers are used in many areas but do not have the structural and functional complexity 
of sequence-defined biopolymers, such as nucleic acids or proteins. Indeed, monomer sequence 
regulation plays a key role in biology and is a prerequisite for crucial features of life, such as hered- 
ity, self-replication, complex self-assembly, and molecular recognition. In this context, developing 
synthetic polymers containing controlled monomer sequences is an important area for research. 


Advances: Various synthetic methods for controlling monomer sequences in polymers have been 
identified, and two major trends in the field of sequence-controlled polymers have emerged. Some 
approaches use biological concepts that have been optimized by nature for sequence regulation. 
For instance, DNA templates, enzymes, or even living organisms can be used to prepare sequence- 
defined polymers. These natural mechanisms can be adapted to tolerate nonnatural monomers. The 
other trend is the preparation of sequence-controlled polymers by synthetic chemistry. In the most 
popular approach, monomer units are attached one by one to a support, which is an efficient method 
but demanding in practice. Recently, some strategies have been proposed for controlling sequences 
in chain-growth and step-growth polymerizations. These mechanisms usually allow fast and large- 
scale synthesis of polymers. Specific kinetics and particular catalytic or template conditions allow 
sequence regulation in these processes. 


Outlook: The possibility of controlling monomer sequences in synthetic macromolecules has many 
scientific and technological implications. Information can be controlled at the molecular level in 
synthetic polymer chains. This opens up interesting perspectives for the field of data storage. In 
addition, having power over monomer sequences could mean structural control of the resulting 
polymer, as it strongly influences macromolecular folding and self-assembly. For instance, func- 
tional synthetic assemblies that mimic the properties of globular proteins, such as enzymes and 
transporters, can be foreseen. Moreover, monomer sequence control influences some macroscopic 
properties. For example, bulk properties such as conductivity, rigidity, elasticity, or biodegradability 
can be finely tuned in sequence-controlled polymers. The behavior of polymers in solution, particu- 
larly in water, is also strongly dependent on monomer sequences. Thus, sequence regulation may 
enable a more effective control of structure-property relations in tomorrow's polymer materials. 
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Precise molecular encoding of synthetic polymer chains. In most synthetic copolymers, monomer units 
(represented here as colored square boxes A, B, C, and D) are distributed randomly along the polymer chains 
(Left). In sequence-controlled polymers, they are arranged in a specific order in all of the chains (right). 
Monomer sequence regularity strongly influences the molecular, supramolecular, and macroscopic properties of 
polymer materials. 
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Sequence-Controlled Polymers 


Jean-Francois Lutz,’* Makoto Ouchi,” David R. Liu,® Mitsuo Sawamoto” 


Sequence-controlled polymers are macromolecules in which monomer units of different chemical 
nature are arranged in an ordered fashion. The most prominent examples are biological and have 
been studied and used primarily by molecular biologists and biochemists. However, recent progress 
in protein- and DNA-based nanotechnologies has shown the relevance of sequence-controlled 
polymers to nonbiological applications, including data storage, nanoelectronics, and catalysis. 

In addition, synthetic polymer chemistry has provided interesting routes for preparing nonnatural 
sequence-controlled polymers. Although these synthetic macromolecules do not yet compare in 
functional scope with their natural counterparts, they open up opportunities for controlling the 
structure, self-assembly, and macroscopic properties of polymer materials. 


opolymers are long macromolecular 
( chains composed of at least two mono- 

mers of different chemical natures (/). 
In many copolymers, the distribution of the 
monomers along the chains is uncontrolled and, 
therefore, varies from chain to chain. In sequence- 
controlled polymers, however, the monomer 
units are arranged in the same precise order in 
all chains rather than randomly distributed. Alter- 
nating, periodic, or block copolymers composed 
of two monomers, A and B, for example, rep- 
resent the simplest level of sequence-controlled 
polymers (2). Beyond that, there are more com- 
plex monomer sequence patterns. For instance, 
two or more monomer units can constitute a pre- 
cise molecular “code” in a polymer chain. Prime 
examples are found in biology. Nucleic acids, such 
as DNA and RNA, exhibit ordered sequences 
based on four-nucleotide monomer units. In pro- 
teins, 20 amino acids are used to form precisely 
regulated monomer sequences. Such precise po- 
sitioning of monomer units (or functionalities) 
has an important influence on polymer structure 
and creates unique properties, such as molecular 
recognition, biocatalysis, and molecular encoding 
of information. 

Similar to the role DNA plays in genes, well- 
defined sequences in synthetic polymers may 
serve as molecular-level information storage de- 
vices in which each functional side-group may 
be regarded as an information “bit.” Therefore, 
sequence-defined oligomers and polymers have 
gained importance in both fundamental polymer 
science and numerous technological applications. 
For instance, the application of DNA goes well 
beyond biotechnology to areas of nanotechnol- 
ogy and materials science (3). However, DNA 
is not unique in its suitability as a manipulable 
sequence-controlled polymer. Chemistry and bi- 


1Precision Macromolecular Chemistry Group, Institut Charles 
Sadron, UPR22-CNRS, 23 rue du Loess, Boite Postale 84047, 
67034 Strasbourg Cedex 2, France. “Department of Polymer 
Chemistry, Graduate School of Engineering, Kyoto University, 
Katsura, Nishikyo-ku, Kyoto 615-8510, Japan. 3Department of 
Chemistry and Chemical Biology and the Howard Hughes Med- 
ical Institute, Harvard University, Cambridge, MA 02138, USA. 


*Corresponding author. E-mail: jflutz@unistra.fr 


www.sciencemag.org SCIENCE VOL 341 


ology offer many interesting alternatives for the 
preparation of sequence-defined macromolecules. 
The most serious challenge may be that no general 
and versatile strategy has been found for synthe- 
sizing sequence-controlled polymers. In principle, 
polymers with regulated sequences of monomers 
can be prepared using either chemical or biological 
methods. The latter strategy is especially efficient, 
as it relies on highly evolved biological mecha- 
nisms. For example, the enzymes—or even the 
complete systems for replication, transcription, 
and translation—of living organisms can be re- 
programmed for the synthesis of sequence-defined 
macromolecules. The polymerase chain reac- 
tion (PCR) (4) and protein engineering (5) are 
two successful examples of such strategies. Al- 
though these methods remain limited to natural 
biopolymer backbones, they can be extended to 
the synthesis of nonnatural biopolymers using 
noncanonical monomers. The pros and cons of 
these approaches are discussed in the first section 
of this review. 

Synthetic chemistry can be used to prepare 
sequence-controlled macromolecules with diverse 
chemical structures. Moreover, in comparison 
with DNA technologies, chemical procedures 
may enable larger-scale production of simpler 
and cheaper sequence-defined materials. How- 
ever, fully synthetic sequence-controlled protocols 
are more challenging than biotechnological path- 
ways and are often limited to short oligomer syn- 
thesis. The most obvious method for preparing 
sequence-defined segments is to connect mono- 
mer units one by one by using iterative chemical 
steps (see Box 1). This strategy was studied as 
early as the late 1940s for the synthesis of oligo- 
peptides. The introduction of solid-phase chem- 
istry (6) and automated synthesizers has greatly 
simplified this approach; however, it remains a 
tedious process requiring very high reaction yields 
and repeated purification steps. Therefore, other 
mechanisms for monomer sequence control in 
polymerizations have been investigated. For in- 
stance, the development of living polymerization 
methods—such as ionic polymerizations (7), con- 
trolled radical polymerizations (8, 9), and ring- 
opening metathesis polymerization (/0)—has 
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aided progress in the field of polymer science, 
and it is now possible to form multiblock co- 
polymers with complex microstructures in ways 
that were unimaginable a few decades ago (//). 
Synthetic sequence regulation constitutes the ob- 
vious next step in the field. Current progress in 
macromolecular chemistry points to a new era 
for polymers (/2), in which the development of 
molecularly encoded synthetic polymer chains 
may open up opportunities in materials science 
and nanotechnology. 


Sequence-Controlled Biological 
Polymerization Processes 


Three sequence-controlled polymerization processes 
are dominant in living organisms: DNA replication, 
DNA—RNA transcription, and RNA—protein 
translation, in which the molecular information 
carried by nucleic acids is converted into sequence- 
defined protein chains. During DNA replication 
and transcription, nucleic acid—templated polym- 
erization takes place by the action of DNA and 
RNA polymerases. The mechanism of translation 
is even more complex and relies on ribosomes, 
large catalytic particles composed of both RNA 
and proteins. All three of these polymerizations 
are more tightly controlled than any known syn- 
thetic polymerization processes. Thus, there are 
obvious advantages in using biological methods 
for polymer synthesis and materials science. 

The principles that mediate biological polym- 
erization can be adopted at different levels of 
complexity (Fig. 1). The most basic adaptation of 
a biological mechanism uses DNA templates to 
direct the coupling of nucleic acids and their 
analogs (Fig. 1A). In such approaches, activated 
nucleotides are associated to an oligonucleotide 
template via Watson-Crick base pairing and polym- 
erized by chemical means (i.e., in the absence 
of enzyme). This field of research has been 
pioneered and chiefly developed by Orgel and 
co-workers, who optimized the nonenzymatic 
replication of nucleic acids (/3). Such protein- 
free replicating systems often suffer from lack 
of efficiency and replication fidelity. Another 
drawback is the strong binding of the newly 
formed oligomers to the template, which hinders 
repetition of the process. Nevertheless, convincing 
proof of the concept has been reported (/4—/6). 
It has also been shown that nonenzymatic rep- 
lication can be extended to nonnatural nucleic 
acids. For instance, artificial backbones based 
on nonribose sugars were efficiently used as tem- 
plates for RNA synthesis (/6). Perhaps even more 
remarkably, complementarity between RNA and 
peptide nucleic acids (PNA) was described (/7). 
Although constructed from polyamide backbones, 
PNA oligomers can act as templates for sequence- 
defined RNA synthesis and vice versa. This behav- 
ior was further developed by Liu and colleagues, 
who reported the synthesis of long sequence- 
defined PNA oligomers on DNA templates (/8, 19). 
Recently, the Liu group used DNA-templated 
polymerization to synthesize sequence-defined 
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polymers with no necessary structural similar- 
ity to nucleic acids by using macrocyclic PNA 
adapters, analogous to transfer RNAs (tRNAs), 
that serve as an intermediate layer between DNA 
templates and corresponding synthetic monomers 
(20). With this approach, a variety of synthetic 
polymers have been translated from DNA tem- 
plates, including B-peptides of up to 26 kD con- 
taining 16 consecutively coupled building blocks 
comprising 90 densely functionalized B-amino 
acid residues. Without relying on a polymerase en- 
zyme or on direct polymer-template hybridization, 
this approach enables a wide variety of potential 
polymer structures. Limitations include lower 
polymerization yields than with enzyme-catalyzed 
polymerizations, correspondingly lower numbers 
of consecutive coupled building blocks, and the 
need to synthesize complex substrates. 

The next level of complexity in biologically 
based polymerization strategies is using enzymes 
for performing in vitro replication (Fig. 1B). The 
most important example of such processes is 
PCR, which allows copying and amplification of 
sequence-encoded DNA strands. Such approaches 
were initially performed using the Klenow frag- 
ment of DNA polymerase I. However, the high 
temperatures required for strand dissociation in 
PCR strongly limited the use of this enzyme. The 
utilization of the thermostable Zag polymerase 
allowed the successful development and commer- 
cialization of PCR (4). Today, this approach is 
certainly the most widespread in vitro sequence- 
regulated polymerization technique. However, PCR 
is routinely used only for natural nucleic acids. 
Polymerase-based approaches can be applied to 
nonnatural monomers, which expands the natural 
alphabet. For instance, the groups of Benner (2/) 
and Kool (22) reported the use of nonnatural base 
pairs in enzyme-catalyzed polymerizations. Still, 
PCR amplification of enzymatic processes in- 
volving noncanonical monomers remains very 
challenging. Indeed, the fidelity of certain com- 
binations of nonnatural (versus natural) nucleo- 
tide incorporation during PCR can be modest. 
Nevertheless, progress has been reported (23), 
opening new opportunities for the enzymatic syn- 
thesis of nonnatural sequence-defined polymers. 

Ultimately, the whole ribosomal machinery 
of a living organism can be used to produce 
sequence-controlled polymers (Fig. 1C). Genetic 
engineering has been used for several decades 
for the synthesis of therapeutic proteins, struc- 
tural proteins, and enzymes. In this approach, an 
artificial gene, encoding the protein of interest, is 
incorporated into plasmid DNA, which is intro- 
duced into a bacterial host (usually Escherichia 
coli) (24). Bacterial expression of the artificial 
gene produces the desired protein, which is ulti- 
mately extracted from the host and purified. This 
strategy is not restricted to natural amino acids 
but also tolerates noncanonical monomers (25). 
For incorporating nonnatural amino acids into 
proteins, the simplest approach is replacing nat- 
ural amino acids with noncanonical residues in a 
competitive process (26). Alternatively, Schultz 
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and others have described a set of related ap- 
proaches for adding nonnatural monomers to the 
common 20—amino acid alphabet (27). This strat- 
egy creates an “expanded” genetic code, in which 
nonsense or four-base codons encode nonnatural 
amino acids. All these features make protein en- 
gineering a robust technique for materials science 
(5, 24). In comparison with the other biological 
concepts described earlier, protein engineering 
is the most accepted approach in the field of 
polymer science. Limitations to this approach of 
coopting the ribosomal machinery to generate non- 
natural polymers include modest yields of poly- 
mers, in which multiple nonnatural monomers are 
successively incorporated, and the considerable 
structural constraints imposed by the ribosome 
that limit the functional diversity of the resulting 
polymeric products. 


Sequence-Controlled Polymerizations Based 
on Chemical Approaches 


Biological polymerization approaches can offer 
outstanding sequence control but are limited in 
terms of structural diversity. In comparison, syn- 
thetic chemical processes give access to a much 
broader range of chemical structures. As described 
in Box 1, iterative synthesis onto insoluble sup- 
ports (e.g., cross-linked resins) is one of the best 
pathways for monomer sequence regulation. 
Monomers can be sequentially connected one by 
one, stepwise, with washing of unreacted reagents 


and/or catalyst and deprotection of the reactive 
site, followed by cleavage of product from the 
support. The solid-phase methodology has been 
primarily developed for peptide synthesis using 
amino acids as monomers, but many other types 
of building blocks can be used (see Box 1). One 
drawback of solid-phase synthesis is the restricted 
accessibility of the reaction sites in the resin, which 
influences coupling efficiency. An interesting 
alternative to this problem is the use of individual 
soluble polymer chains as supports. For example, 
polystyrene, which is soluble in common organic 
solvents but insoluble in methanol, is an efficient 
liquid-phase support. Linear polystyrene soluble 
supports can be prepared by living polymeriza- 
tion techniques and carry optimized end-groups 
for iterative synthesis (Fig. 2A) (28). This effi- 
cient approach can be used to prepare new types 
of nonnatural sequence-controlled oligomers. 
However, conceptually, the use of soluble sup- 
ports is only an optimization of the solid-phase 
methodology. 

A more important challenge in the field is the 
control of monomer sequences in “traditional” 
polymerization processes, such as chain growth 
or step growth. For instance, if single-monomer 
addition could be controlled in living chain-growth 
polymerization, a stepwise addition of equimolar 
amounts of monomer and initiator would allow 
sequence regulation. However, even when living 
polymerization mechanisms that are highly 
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controlled and involve dormant species are used, 
such “single-monomer addition” strategies are 
difficult because of the inherent tendency of the 
monomers to react with themselves (i.e., in the 
propagation step). One way to overcome this prob- 
lem is to decrease gradually the reactivity of the 
added monomers. This idea was verified in living 
cationic polymerization of vinyl ether monomers 
using Znl, as a catalyst, although absolute control 
was not reached and, therefore, chromatographic 
purification was required at each step (29). Moad 
and co-workers have investigated single-monomer 
addition in the RAFT process, which is a con- 
trolled radical polymerization method (30). How- 
ever, the measured yields of monomer insertion 
were low and, therefore, unsuitable for a reliable 
stepwise process. 

Tong and colleagues have described single- 
monomer addition by atom-transfer radical po- 
lymerization (ATRP), which is another type of 
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controlled radical polymerization (Fig. 2B) (3/). 
Allyl alcohol, a nonconjugated vinyl monomer 
that cannot radically propagate into polymers can, 
nevertheless, undergo atom-transfer radical addi- 
tion (i.e., single-monomer addition) because the 
resulting halogen terminal is inactive for radical 
generation or further propagation, even in the 
presence of a metal catalyst. However, once the 
hydroxyl methyl side chain is subsequently oxi- 
dized into a carboxylic acid, the terminal bond 
becomes active for another allyl alcohol sin- 
gle addition. The acid side chain can become 
functional by means of esterification, and thus, 
an iterative cycle of single-monomer addition, 
pendent-transformation, and functionalization al- 
lows monomer sequence control regulation as 
shown in Fig. 2. Similarly, in olefin cross-metathesis 
(CM), 4-vinylbenzaldehyde becomes a mono- 
mer potentiating single-monomer addition and 
further coupling via transformation into active 
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Box 1. Going the long way: Attaching monomers one by one. 

An evident chemical strategy to attain sequence-defined polymers consists in covalently 
attaching monomers one by one in a given order. Such a concept implies that polymer 
chain growth has to be regulated in order to avoid repeated incorporation of the same 
monomer in a given chain. Although different mechanisms of regulation may be con- 
sidered, the most common approach is using a self-reacting bifunctional monomer XY, 
in which one of the reactive functions is temporarily protected (i.e., deactivated) as 


depicted above. 


The self-reacting bifunctional monomer XY strategy was developed and optimized for the 
solution synthesis of oligopeptides (91). However, solution approaches are limited and 
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form thereafter: The aldehyde unit can be con- 
verted into a vinyl group via Wittig olefination 
after CM reaction (32). Thus, an iterative cycle 
of CM and olefination gives a sequence of well- 
defined conjugated oligomers [i.e., oligo(phenylene- 
vinylene)s]. Recently, a series of sequence-defined 
oligomers (from dimer to hexamer) were syn- 
thesized with “electron-poor” unsubstituted mono- 
mers and “electron-rich” dialkoxy-substituted 
counterparts. Such an approach could facilitate 
sequence-oriented functions for conjugated ma- 
terials (33). 

Sequence regulation can also be attained in 
chain-growth polymerizations by using specific 
comonomer pairs. For example, some combina- 
tions of an electron-donor monomer (e.g., styrene 
or vinyl ether) and an acceptor one (e.g., maleic 
anhydride or maleimide) can be copolymerized 
in an alternating manner to give an AB repeat 
sequence (34), because, in these specific combi- 
nations of monomers, cross-propagation is fa- 
vored over homopropagation. Note that such 
an alternating behavior can be tuned through spe- 
cific interactions. For instance, when a bulky flu- 
oroalcohol is used as solvent for copolymerization 
of limonene (donor) with a maleimide deriva- 
tive (acceptor), AAB repetitive sequences (A: 
maleimide, B: limonene) are obtained instead of 
the conventional AB pattern (35). This particular 
sequence is most probably due to the interaction 
of the fluoroalcohol with the carbonyl of the 
maleimide and to the bulkiness of the limonene 
monomer. Conventional alternating behaviors can 
also be tuned using time-controlled additions of 
monomers in conjunction with living polymer- 
ization mechanisms. Lutz and co-workers have 
used such a concept to achieve the local function- 
alization of polymer chains (Fig. 2C) (36, 37). In 
this strategy, a donor monomer, such as styrene, 
is polymerized in excess by controlled radical 
polymerization (e.g., ATRP), and small amounts 
of functional acceptor comonomers are added 
during the course of the reaction. Because of the 
favored donor-acceptor cross-propagation, the 
acceptor monomers are incorporated into narrow 
regions of the growing polymer chains. Thus, 
by controlling addition time, the positions of the 
acceptor monomer units can be precisely con- 
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time-consuming because they require purification after each monomer coupling. The field was 
revolutionized by the development of solid-phase supports by Merrifield (6). In this simple 
approach, the growing oligomers are covalently bound to filterable polymer beads, which 
greatly improve and facilitate purification protocols. Moreover, the automation of this 
chemical process has substantially reduced reaction times. The concept was applied for the 
synthesis of many natural and nonnatural sequence-defined oligomers, including oligopep- 
tides and oligonucleotides (92). Such iterative approaches still exhibit some drawbacks. First, in 
order to avoid substantial sequence defects, the yields of monomer coupling should be very high, 
particularly if a long polymer chain is targeted. Another limitation is the use of main-chain 
protecting groups, which imply time-consuming deprotection steps. Protecting groups are 
currently mandatory in bio-oligomer synthesis, e.g., peptide solid-phase chemistry. However, 
some nonnatural sequence-defined oligomers can be synthesized in the absence of main-chain 
protecting groups, for example, if two successive building blocks are used instead of a single XY 
monomer (28, 93, 94). An elegant example of that type is the synthesis of peptoids (ie., 
oligomers of N-substituted glycines) described by Zuckermann and co-workers (95). This ap- 
proach relies on a “submonomer” strategy. Each N-substituted glycine unit is formed by suc- 
cessive coupling of two submonomer synthons. The backbone chemistry is chemoselective and, 
therefore, does not require main-chain protecting groups. 


trolled in the polymer backbone. However, this 
approach to chain growth leads to chain-to-chain 
deviations in length, composition, and sequence. 
These defects can be considerably minimized by 
using optimized polymerization protocols (38) but 
cannot be fully suppressed. However, this strat- 
egy is applicable to a wide variety of functional 
N-substituted maleimides (39) and was shown to 
be efficient for the preparation of periodic poly- 
mers (40), encoded chain microstructures (4/), 
and complex macromolecular topologies (42). 
Such appealing concepts are not restricted to 
radical polymerization. In anionic polymeriza- 
tion, 1,1-diphenylethylene derivatives are suited 
for such local modification in growing polymer 
chain, because they are not polymerizable but are 
reactive for growing anion species (43). 
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Step-growth polymerizations also allow syn- 
thesis of sequence-regulated macromolecules 
and are highly suited to the preparation of pe- 
riodic microstructures. Indeed, sequence-defined 
oligomers containing reactive chain ends can be 
polymerized by step growth. A variety of efficient 
reactions can be used, for example, the azide- 
alkyne click reaction (44). Satoh, Kamigaito, 
and co-workers have described the preparation 
of sequence-controlled vinyl polymers by a step- 
growth process. (Fig. 2D) (45, 46). Their approach 
involves a metal-catalyzed radical addition reac- 
tion between nonconjugated olefin and a carbon- 
chlorine bond (active under a one-electron redox 
catalyst) to give a unit of vinyl chloride as the junc- 
tion linkage. They thus used a sequence of well- 
defined vinyl oligomer blocks carrying olefin and 
chlorine at the terminals to construct vinyl polymers 
of periodic sequence. As pioneered by Wagener 
(47), an acyclic diene metathesis polymerization 
of symmetric a,@-dienes can form sequence- 
regulated vinyl polymers, in conjunction with sub- 
sequent hydrogenation. Various alkyl chains can 
be substituted at the center in the symmetric 0,,- 
diene [R- in CHj;=CH-(CH)),—-CH(R){(CH)2),; 
CH=CH], which leads to unique polyethylene of 
precisely branched structures (48). This versatile 
design also allows the introduction of amino acids 
and drugs at well-defined positions in polyethylene 


A 


Cleavable 


Supporter 


ite 
1 of gon 
Br wo Br——e rrr ( Bre— cers Br ---- > 
‘ was ie ‘ an 1) Single a 2) Oxidation ee 1) Single 
N Ns 
OH OF 70 
oN t~o}p~ re) ° 


5 


for biological applications (49). Hillmyer proposed 
making sequence-specific vinyl copolymers by 
regioselective ring-opening metathesis polymer- 
izations (ROMP) of asymmetric substituted cyclo- 
octenes and subsequent hydrogenation (Fig. 2E) 
(50). Both metathesis systems are expected to 
generate polyolefins displaying sequence-oriented 
functions. 

In nature, template systems are crucial to reg- 
ulating monomer sequences in biopolymers, 
such as RNA and proteins. Thus, template effects 
have also been extensively studied in synthetic 
polymerizations. In the late 1970s, sequence con- 
trol by free radical polymerization was attempted 
with vinyl monomers carrying a set of nucleo- 
bases on the side chains (5/). A few interesting 
results demonstrating template effects with the 
complementary interactions in polymerizations 
have been reported (52-54). However, these 
approaches did not reach sequence regulation, 
and the template effects were restricted to rate 
enhancement or molecular weight transcription. 
The limitations of enzyme-free templating ap- 
proaches are also relevant to these synthetic 
approaches. O’Reilly and Turberfield have dem- 
onstrated another type of DNA-templated syn- 
thesis to prepare sequence-regulated oligomers 
(55). They used the end groups of stranded DNA 
molecules as adjacent and dissociative reaction 
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scaffolds for the Wittig reaction between triphe- 
nylphosphonium (ylide) and aldehyde that gives 
a C=C bond and phosphine oxide. The mole- 
cules are sophisticatedly designed for sequen- 
tial transfer reaction of the embedded building 
block from one DNA terminal to another, which 
allows construction of sequence-regulated mol- 
ecules. Eventually, they achieved sequence con- 
trol for a decamer with this methodology (56). 
Lynn and co-workers have described the DNA- 
catalyzed step-growth polymerization of mono- 
mers containing primary amine and aldehyde 
reactive functions (57). Although limited to short 
oligomers, this approach allows the synthetic 
translation of information encoded in DNA chains. 
Schuster and colleagues have also taken advan- 
tage of the complementarity of DNA strands to 
synthesize sequence-defined linear and cyclic 
oligomers based on bis(2-thienyl)pyrrole and 
aniline (58). To achieve sequence control with 
synthetic templates, a positional regulation of 
an initiator or active species generator is first 
important, and thus, a combination with living 
polymerization should be promising. Ouchi and 
Sawamoto designed template molecules to em- 
bed an initiator site (1.e., radical generator) close 
to a recognition site for vinyl monomer and, 
thus, demonstrated a way to control selectivity 
of radical species for “recognized” monomer 
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Fig. 2. Representative chemical approaches to sequence control. (A) 
Soluble polymer supporter for azide-alkyne click reaction, (B) iterative single- 
monomer addition with allyl alcohol in living radical polymerization, (C) posi- 
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tioning control in living radical polymerization of styrene, (D) metal-catalyzed 
radical poly-addition, (E) region-selective ROMP of asymmetric substituted 
cyclooctene, and (F) template initiators for living radical polymerization. 
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over “not recognized,” but similar, reactive 
counterpart (Fig. 2F) (59, 60). Such selectivity 
was just achieved in a single monomer—addition 
process, but the control was noteworthy. How- 
ever, this strategy presumably falls into difficulty, 
as the chain is longer, because multiple recogni- 
tion sites need to be arranged on template. A 
more feasible way to use a template is chain- 
growth polymerization of multivinyl monomers 
on a cleavable template, although the sequence 
pattern is limited to being periodic. In this strat- 
egy, immobilization of the vinyl groups on a 
template during polymerization is important to 
avoid both cross-lining reaction and unfavor- 
able jumping propagation. AB and ABA pat- 
terns were achieved via radical polymerizations 
(61, 62). 


1,11-S,N-acyl shift 


Another strategy for sequence-regulation in 
synthetic processes is catalysis. This approach is 
currently underexplored. Thomas, Coates, and co- 
workers demonstrated catalyst-driven sequence 
control (63), and they achieved alternating se- 
quence control in a polyester from a set of en- 
antiomerically pure, but different, substituted 
monomers (i.e., B-lactones) by using yttrium 
catalysts for stereospecific polymerization. Ulti- 
mately, the development of artificial catalytic 
nano-machines resembling ribosomes would 
be a key to controlling sequences in chemical pro- 
cesses. Although this dream is far off, promising 
concepts have been described. For instance, 
Leigh’s group has reported a rotaxane-based mo- 
lecular machine that allows synthesis of sequence- 
specific peptides (64). In this approach, a molecular 
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Fig. 3. Proposed mechanism for the synthesis of sequence-defined oligopeptides on a mo- 
lecular machine. The molecular structure of the rotaxane machine and the detailed experimental 
conditions can be found in (64). [Adapted with permission from (64), copyright AAAS 2013] 
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ring bearing a thiolate initiator moves on a mo- 
lecular axle on which are attached amino acids. 
The directional progression of the ring on the axle 
allows sequence-controlled polymerization to oc- 
cur (Fig. 3). Such an advanced chemical design, 
combining macromolecular and supramolecular 
concepts, is at the forefront of the field and opens 
up interesting avenues for the future. 


Properties and Promises of 
Sequence-Controlled Polymers 


In comparison with conventional synthetic macro- 
molecules, such as homopolymers and block co- 
polymers, sequence-controlled polymers allow a 
higher level of control over structural and physico- 
chemical properties. The most remarkable features 
of sequence-controlled biological polymers and 
their degree of utilization and mimicry in syn- 
thetic materials are listed in Table 1. The first and 
last entries of this table are not directly discussed 
in this section. Using encoded primary structures 
for data storage is presented in more detail in 
Box 2, whereas self-replication is described part- 
ly in the first section of this review, but can be 
explored in (65, 66). 

The self-assembly of sequence-controlled oligo- 
mers, such as oligopeptides and oligonucleo- 
tides, has been investigated (3, 67). Many of 
these studies have shown the relevance of such 
oligomers in materials science. For instance, 
sequence-defined oligopeptides self-organize into 
a variety of nanostructures, including fibers, tapes, 
ribbons, vesicles, and tubes. This broad range 
of self-assembly behaviors has been used to guide 
the organization of other types of materials, such 
as biocompatible polymers (68), conducting 
polymers (69), and inorganic matter (70). Beyond 
oligopeptide self-assembly, protein engineering 
allows the design of artificial materials with highly 
optimized properties. For example, Tirrell and co- 
workers have described the preparation of stimuli- 
responsive hydrogels based on triblock proteins 
(71). The monomer sequences of these macro- 
molecules were engineered in order to obtain 
charged water-soluble middle blocks flanked 
by two self-associating leucine zippers. Such 
optimized primary structures exhibited pH and 
thermo-reversible gelling in aqueous medium. 
Sequence-defined nucleic acids have also opened 
up avenues for materials design. As demon- 
strated by Seeman (72) and many others, the self 
recognition of complementary DNA strands is 
currently an unrivaled feature for organizing and 
sorting building-blocks such as polymers, nano- 
particles, or nanocrystals (3, 73). 

Aside from biopolymers, the nonnatural 
sequence-controlled polymers discussed in the 
previous sections and Box | also open up tech- 
nological opportunities. In terms of folding and 
self-assembly, some basic features of proteins can 
be mimicked using synthetic sequence-defined 
foldamers (74). However, many of these approaches 
rely on synthetic chemical concepts, which are very 
close to natural design (e.g., peptidomimetics). 
Yet, proteinlike materials can also be prepared 
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Table 1. Known properties of sequence-controlled polymers and their utilization in materials science. 


Sequence-dependent property 


Some important implications in biology 


Degree of realization in synthetic materials 


Molecular storage of information 
Spatial organization of functional elements 


Folding and self-assembly 


Molecular recognition 


Self-replication 


Heredity 
Cell signaling 
Photosynthesis 
Complex globular objects 
Mechanical properties of tissues 
Molecular motors 
Biocatalysis 
Molecular transport 
Signal transduction 
Cell signaling 
Reproduction 
Evolution 
Living matter 


Proof of principle 
Proof of principle 


Multiple examples 


Multiple examples 


Limited success 


using very different chemistries (75). For ex- 
ample, Meijer and co-workers described the 
preparation and catalytic properties of enzyme 
like globular particles (76). These objects were 
obtained by the folding of individual polymer 
chains in aqueous medium. The monomer se- 
quence distribution of these polymers was reg- 
ulated with a controlled radical polymerization 
process, and their folding in water was driven 
by the helical assembly of nonnatural side-chain 
supramolecular motifs. Despite being based on 
fully nonnatural chemical design, these single- 
chain particles exhibited promising enzymelike 
behaviors. As listed in Table 1, another advantage 
of sequence-controlled polymers is the possibility 
of controlling the chain positioning of functional 
elements. For instance, it was demonstrated that the 
sequence-controlled copolymerization of styrene 
and N-substituted maleimides allows preparation 
of single-chain sugar arrays (77). Such sequence- 
controlled glycopolymers interact with comple- 
mentary lectins and are, therefore, interesting 
glycoprotein mimics. 

Sequence-regulation also strongly influences 
the macroscopic properties of synthetic polymer 
materials. For instance, the solution and solid- 
state behaviors of polymers closely depend on 
their primary structure. Solubility and phase tran- 
sitions in water and organic solvents can be tuned 
by using subtle monomer sequence modifications 
(78-80). Some properties of polyelectrolytes, 
such as charge density (8/) and persistence length 
(82), can also be precisely adjusted by sequence 
regulation. It was also reported that the solution 
self-assembly behavior of triblock copolymers 
containing nucleobases is strongly influenced 
by the block sequences (83, 84). In the solid state, 
it was reported that both block copolymer meso- 
phases and semicrystalline phases are strongly 
dependent on monomer sequences (85, 86). For 
example, Zuckermann and co-workers have studied 
the influence of sequence-controlled segments on 
the phase behavior of polystyrene-based_ block 
copolymers (86). Their results indicate that order- 
disorder transition can be finely controlled using 
composition and sequence variations. Other im- 
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Box 2. Data-storage on 
sequence-controlled polymers. 

In living organisms, all heredity informa- 
tion is encoded by the four-monomer units 
of DNA chains. Such monomer encod- 
ing offers a huge storage capacity. More- 
over, as genetic archeology has shown, 
the message of DNA chains can be pre- 
served for thousands of years if nucleic 
acid degradation is prevented. Thus, DNA 
and, perhaps, other sequence-controlled 
polymers appear to be valid options for 
storing data in man-made technologies. 
For instance, the storage mechanism of 
DNA can be used in a nonbiological 
context, as for artificial DNA encryption 
(96). Short messages, sentences, and 
poems have been written in DNA chains 
(97). However, in most of the reported 
examples, the number of encoded bits of 
information remained relatively limited. 
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A breakthrough was described by Church and co-workers (96). These authors have demonstrated that a 
full textbook containing about 50,000 words could be written on DNA and read. In particular, two 
interesting innovations were reported in that work. First of all, a single bit of information was encoded 
on each base, i.e., both adenine and cytosine encoded a 0, whereas guanine and thymine encoded a 1. 
This simplification allows more flexibility in terms of synthetic chemistry. The authors did not attempt to 
synthesize very long macromolecules but developed instead a library of oligonucleotides, in which each 
element can be tracked by a short molecular barcode. Each oligomer contained 159 monomer units: 
96 for information storage, 19 for the barcode, and 44 for PCR amplification. These fragments were 
synthesized on DNA microchips and, after amplification, were read using next-generation sequencing 
technology. Although technological applications are not yet in sight, this scientific breakthrough 
reduces the limits of artificial DNA storage. As shown in the displayed graphic, this system combines a 
huge information density with a relatively large storage capacity. Moreover, recent innovations in 
rewritable nucleic acid storage indicate that this technological field is rapidly progressing (98). [Image 
adapted with permission from (96), copyright AAAS 2012.] 


portant macromolecular properties have been 
found to be strongly sequence-dependent. For 
instance, Meyer and colleagues have shown that 
the degradation kinetics of biodegradable ali- 
phatic polyesters is influenced by comonomer 
sequences (87, 88). Nearly linear release profiles 
were found for poly(lactide-co-glycolide) (com- 
mon name PLGA), which is one the most used 
polymers for biomedical applications. Sequence- 


controlled nonnatural polymers can also be tai- 
lored to create optimal interactions with specific 
materials. Borner and co-workers have high- 
lighted the relevance of sequence-defined poly 
(amidoamine)s in nonviral gene-delivery (89). 
Indeed, the primary structure of these synthetic 
gene carriers can be tailored for optimal DNA 
complexation. Similarly, nonnatural macromol- 
ecules with optimized monomer sequences can 
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be used to control the mineralization of inorganic 
materials (90). 


Outlook 


Sequence-controlled polymers should provide 
major improvements for atom economy, molec- 
ular precision, adjustment of physicochemical 
properties, and device miniaturization. However, 
as described above, this emerging field consists 
of two converging trends: (i) exploitation and en- 
gineering of readily available sequence-defined 
biopolymers (26); and (ii) development of syn- 
thetic sequence-regulated polymerization processes. 
The former option is more promising on a short- 
term basis because it uses already existing struc- 
tures. Nucleic acids and proteins are in a sense 
“perfect” sequence-defined macromolecules, and 
their properties and functions are now well- 
understood. However, these macromolecules were 
optimized by nature for use in a given environ- 
ment (i.e., biological conditions) and are, there- 
fore, not always suitable or practical in other 
contexts. The recent progress in the synthesis of 
nonnatural nucleic acids and proteins has broad- 
ened the scope of use of these polymers. How- 
ever, their widespread utilization in nonbiological 
applications remains limited by economical, tech- 
nical, and scalability issues. 

In that regard, synthetic sequence-controlled 
polymers, prepared using traditional high-scale 
polymerization processes, such as chain-growth 
and step-growth polymerizations, represent an 
interesting alternative to natural polymers. Pri- 
mary progress has come from controlled radical 
chain-growth polymerizations. The degree of 
sequence regulation in such approaches still re- 
mains low in comparison with DNA. Never- 
theless, synthetic sequence-controlled polymers 
bring additional benefits in terms of chemical 
diversity and scalability. As the fields of natural 
and synthetic sequence-regulated polymers start 
to converge, we can expect the selection of prac- 
tical, scalable, and versatile systems. It is tempting 
to speculate that protein engineering is simply 
the first example of a discipline bridging the gap 
between biological sciences and polymer science 
and that many new analogous fields will emerge 
as our ability to create and manipulate sequence- 
controlled polymers comes of age. 
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Introduction: Several lines of evidence point to a key role for dynamic epigenetic changes during 
brain development, maturation, and learning. DNA methylation (mC) is a stable covalent modifi- 
cation that persists in post-mitotic cells throughout their lifetime, defining their cellular identity. 
However, the methylation status at each of the ~1 billion cytosines in the genome is potentially an 
information-rich and flexible substrate for epigenetic modification that can be altered by cellular 
activity. Indeed, changes in DNA methylation have been implicated in learning and memory, as well 
as in age-related cognitive decline. However, little is known about the cell type-specific patterning 
of DNA methylation and its dynamics during mammalian brain development. 


Methods: We performed genome-wide single-base resolution profiling of the composition, pat- 
terning, cell specificity, and dynamics of DNA methylation in the frontal cortex of humans and 
mice throughout their lifespan (MethylC-Seq). Furthermore, we generated base-resolution maps 
of 5-hydroxymethylcytosine (hmC) in mammalian brains by TAB-Seq at key developmental stages, 
accompanied by RNA-Seq transcriptional profiling. 


Results: Extensive methylome reconfiguration occurs during development from fetal to young 
adult. In this period, coincident with synaptogenesis, highly conserved non-CG methylation (mCH) 
accumulates in neurons, but not glia, to become the dominant form of methylation in the human 
neuronal genome. We uncovered surprisingly complex features of brain cell DNA methylation at 
multiple scales, first by identifying intragenic methylation patterns in neurons and glia that distin- 
guish genes with cell type-specific activity. Second, we report a novel mCH signature that identifies 
genes escaping X-chromosome inactivation in neurons. Third, we find >100,000 developmentally 
dynamic and cell type-specific differentially CG-methylated regions that are enriched at putative 
regulatory regions of the genome. Finally, whole-genome detection of 5-hydroxymethylcytosine 
(hmC) at single-base resolution revealed that this mark is present in fetal brain cells at locations 
that lose CG methylation and become activated during development. CG-demethylation at these 
hmC-poised loci depends on Tet2 activity. 


Discussion: Whole-genome single-base resolution methylcytosine and hydroxymethylcytosine 
maps revealed profound changes during frontal cortex development in humans and mice. These 
results extend our knowledge of the unique role of DNA methylation in brain development and 
function, and offer a new framework for testing the role 

of the epigenome in healthy function and in pathologi- 

cal disruptions of neural circuits. Overall, brain cell DNA : 100 4) birth 
methylation has unique features that are precisely con- 
served, yet dynamic and cell-type specific. 
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Fig. 1. Methylcytosine in mammalian 
frontal cortex is developmentally dynamic 
and abundant in CG and CH contexts. 


Fig. 2. mCH is positionally conserved and 
is the dominant form of DNA methylation 
in human neurons. 


Fig. 3. mCH is enriched in genes that escape 
X inactivation. 


Fig. 4. Cell type-specific and developmental 
differences in mC between mouse neurons 
and glia. 


Fig. 5. hmCG is enriched within active 
genomic regions in fetal and adult mouse 
brain. 


Fig. 6. Developmental and cell type-specific 
differential mCG. 
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DNA methylation is implicated in mammalian brain development and plasticity underlying 
learning and memory. We report the genome-wide composition, patterning, cell specificity, and 
dynamics of DNA methylation at single-base resolution in human and mouse frontal cortex 
throughout their lifespan. Widespread methylome reconfiguration occurs during fetal to young 
adult development, coincident with synaptogenesis. During this period, highly conserved 
non-CG methylation (mCH) accumulates in neurons, but not glia, to become the dominant 
form of methylation in the human neuronal genome. Moreover, we found an mCH signature 
that identifies genes escaping X-chromosome inactivation. Last, whole-genome single-base 
resolution 5-hydroxymethylcytosine (hmC) maps revealed that hmC marks fetal brain cell genomes 
at putative regulatory regions that are CG-demethylated and activated in the adult brain and 
that CG demethylation at these hmC-poised loci depends on Tet2 activity. 


ynamic epigenetic changes have been ob- 

served during brain development, matura- 

tion, and learning (/—-6). DNA methylation 
(mC) is a stable covalent modification that per- 
sists in postmitotic cells throughout their lifetime, 
defining their cellular identity. However, the meth- 
ylation status at each of the ~1 billion cytosines in 
the genome is potentially an information-rich and 
flexible substrate for epigenetic modification that 
can be altered by cellular activity (7, 8). Changes 
in DNA methylation were implicated in learn- 
ing and memory (9, /0), as well as in age-related 
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cognitive decline (//). Mice with a postnatal de- 
letion of DNA methyltransferases Dnmt1! and 
Dnmt3a in forebrain excitatory neurons, or with a 
global deletion of methyl-CpG-binding protein 
2 (MeCP2), show abnormal long-term neural plas- 
ticity and cognitive deficits (2, /2). 

DNA methylation composition and dynamics 
in the mammalian brain are highly distinct. A mod- 
ification of mC catalyzed by the Tet family of mC 
hydroxylase proteins, 5-hydroxymethylcytosine 
(hmC), accumulates in the adult brain (/3—/5) 
along with its more highly oxidized derivatives 
5-formylcytosine and 5-carboxylcytosine. These 
modifications of mC were implicated as inter- 
mediates in an active DNA demethylation path- 
way (/6—19). In addition, methylation in the 
non-CG context (mCH, where H = A, C, or T) is 
also present in the adult mouse and human brains 
(20, 21) but is rare or absent in other differen- 
tiated cell types (22, 23). Little is known about 
cell type-specific patterning of DNA methylation 
and its dynamics during mammalian brain devel- 
opment. Here, we provide integrated empirical 
data and analysis of DNA methylation at single- 
base resolution, across entire genomes, with cell- 
type and developmental specificity. These results 
extend our knowledge of the unique role of DNA 
methylation in brain development and function 
and offer a new framework for testing the role of 
the epigenome in healthy function and in path- 
ological disruptions of neural circuits. 


Accumulation of Non-CG DNA Methylation 
During Brain Development 

To identify the composition and dynamics of tran- 
scription and methylation during mammalian 
brain development, we performed transcriptome 
profiling (mRNA-Seq) and whole-genome bi- 
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sulfite sequencing [MethylC-Seq (24)] to com- 
prehensively identify sites of cytosine DNA 
methylation (mC and hmC) and mRNA abun- 
dance at single-base resolution throughout the 
genomes of mouse and human frontal cortex 
(table S1). DNA methylation in embryonic stem 
(ES) cells occurs in both the CG (mCG) and 
non-CG (mCH) contexts, but mCH is largely 
lost upon cell differentiation (22, 23, 25, 26). We 
found that although mCH levels are negligible 
in fetal cortex, abundant mCH occurs in adult 
frontal cortex (Fig. 1A). mCH has previously been 
identified throughout the genome of the adult 
mouse brain (20) and at several hundred genomic 
positions in the human adult brain (2/). Sup- 
porting previous studies, we found that mamma- 
lian brain mCH is typically depleted in expressed 
genes, with genic mCH level inversely propor- 
tional to the abundance of the associated tran- 
script (Fig. 1, A and B) (20). This pattern is the 
opposite of that observed in ES cells (22) and 
suggests that genic mCH in the brain may inhibit 
transcription. The absence of mCH in fetal brain 
suggests that this signature for gene repression 
is added to the genome at a later developmen- 
tal stage. 

We performed MethylC-Seq on mouse and 
human frontal cortex during early postnatal, juve- 
nile, adolescent, and adult stages (Fig. 1C). CH 
methylation level, defined as the fraction of all 
base calls at CH genome reference positions that 
were methylated (denoted mCH/CH), accumu- 
lates in mouse and human brain during early 
postnatal development to a maximum of 1.3 to 
1.5% genome-wide at the end of adolescence 
before diminishing slightly during aging. mCH 
increases most rapidly during the primary phase 
of synaptogenesis in the developing postnatal 
brain, from 2 to 4 weeks in mouse (27) and in the 
first 2 years in humans (28), followed by slower 
accumulation of mCH during later adolescence. 
mCH accumulation initially parallels the increase 
in synapse density within human middle frontal 
gyrus (synaptogenesis lasts from birth to 5 years), 
but it subsequently continues to increase during 
the period of adolescent synaptic pruning, which 
in humans occurs between 5 and 16 years of age 
(Fig. 1C). Notably, the accumulation of mCH in 
mice from | to 4 weeks after birth coincides with 
a transient increase in abundance of the de novo 
methyltransferase Dnmt3a mRNA and protein 
(Fig. 1D). Analysis of the context of mCH sites 
showed that it is mainly present in the CA context 
(fig. S1, A to F), as previously reported for mCH 
(20; 22, 23, 26). 

Overall, genomes in the frontal cortex are 
highly methylated. Whereas CG partially methyl- 
ated domains (PMDs) account for about a third of 
the genome of various differentiated human cells 
(22, 25), human brain genomes have negligible 
CG PMDs, resembling pluripotent cell methylomes 
(25) (fig. S1, G and H). Given the high spatial 
concordance of CG PMDs and nuclear lamina- 
associated domains reported previously (29), the 
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of mC and mRNA transcript abundance in human and mouse frontal cortex and 
human ES cells. Chr2, chromosome 2. (B) mCH/CH within gene bodies exhibits 
opposite correlation with gene expression in ES cells (ESC) and brain. Contours 
show data point density, and red line shows smoothed mCH/CH as a function nye sth 
of mRNA. a.u., arbitrary units. (C) Synaptic density (for mouse, per 100 um’; for Chr 12 (Mb) 11: 
human, per 100 tm?) and mC level in CG and CH contexts through development 

in mouse and human frontal cortex. ‘Synaptic density quantitation from De Felipe et al. (27) and 
Huttenlocher and Dabholkar (28). (D) DNA methyltransferase mRNA and protein abundance (mean + SEM) 
in mouse frontal cortex through development. FPKM, fragments per kilobase of exon per million fragments 
mapped. (E) Fraction of cytosine base calls with each modification in fetal and adult mouse frontal cortex. 
(F) Cortex mC level in CG and CH contexts throughout mouse and human chromosome 12 in 100-kb 
bins smoothed with ~1-Mb resolution. CEN, centrosome. (G) Transcript abundance, chromatin accessi- 
bility [8-week mouse cortex ChIP input and DNasel hypersensitivity (HS) normalized read density], and 
mC levels in 5-kb bins at the mouse immunoglobulin Vj}, locus. (H) Density (z) plot of 10-week mouse 
frontal cortex mCH level (x) versus 8-week mouse cortex ChIP-input normalized read density (y) for all 
10-kb bins of the mouse genome. 
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paucity of CG PMDs in these brain methylomes 
could indicate that lamina-associated domains 
are altered or much less frequent in the brain. 
The adult mammalian brain contains the high- 
est levels of hmC that have been observed (/5), 
accounting for about 40% of methylated CG sites 
in cerebellar Purkinje cells (30). hmC accumu- 
lates during early postnatal brain development in 
mice (3/, 32), becoming enriched in highly ex- 
pressed genes (33). Given the evidence that hmC 
can be an intermediate in an active DNA demeth- 
ylation pathway (/6, 17), high-resolution analy- 
sis of the genomic distribution of hmC is needed 
to understand its role in the control of DNA meth- 
ylation dynamics through brain development. 
Standard bisulfite-sequencing data does not distin- 


A human 
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guish between methylated and hydroxymethylated 
sites, so methylcytosines identified by MethylC-Seq 
analysis represent the sum of these two contri- 
butions. Therefore, we used Tet-assisted bisulfite 
sequencing [TAB-Seq (34)], a base-resolution 
technique that distinguishes hmC from C and mC 
genome-wide, to profile hmC in mouse fetal and 
adult frontal cortex (Fig. 1A). Integration of the 
genome-wide profiles of mC and hmC enabled a 
detailed breakdown of the methylated subset of 
the genome at these distinct developmental stages 
(Fig. 1E). hmC constitutes 0.20% of total cytosine 
base calls in fetal cortex and increases to 0.87% in 
adult cortex. This modification appears to be re- 
stricted to the CG context, as also observed in 
human and mouse ES cells (34); after correction 
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for false detection, we estimated that 0.017% of 
cytosine base calls were hmCH genome-wide (99% 
confidence interval: 0 to 0.059%), and significant 
hmCH was detected at few individual sites (fig. 
S2, A and B). The overwhelming presence of 
hmC in the CG context (99.98%) in mouse adult 
and fetal frontal cortex is consistent with recent 
findings in human ES cells, where 99.89% of hmC 
is in the CG context (34). hmC was present at 
many highly methylated CG sites (fig. S2C). There- 
fore, although only a small fraction of all cytosines 
throughout the genome are methylated (mCG = 
2.9%, mCH = 1.3%, hmC = 0.87%), mCH and 
hmC constitute major, and nonoverlapping, com- 
ponents of the methylated fraction of the ge- 
nome in adult frontal cortex (mCG = 57.2%, 


@mce © mcH 


arn i SE Ri R2 RB RI RAR S 
A fbn Moni iC." o) 
arene ae i “lye Net oe |e en Ce i= =  NeuN+ NeuN- 
V1 Ll I I 
mouse chr13: 83,518,000 - 83,911,000 
Cc E h human 50 b 
Z p _chr3: 36, 078, 990 - 36,079,557 1 
100 poo 1-r NeuN+ NeuN CH sites (gl Wifi TAU Fe ae Sasa TT & 
br Rt ar thy, a 
0.7 0 Rt R2 R12 sir ohis ' fate ‘oeoaerameelt he pul Lut 3 
80 RI = mCH | R2 tr 4 1 1 . n 3 a 
i ¢ 0 { 
NeuN+ R41 
rs} saa xr R2 - 98 mouse 50 bp _ chr2: 171,489,889 - 171,490,454 bibl 
E 4o | oO CH sites pn ee 1 
xe = R1 = NeuN+ R1 fr i T TT 1 = 
Li mn 1 
20) Fpnmisa binding sites R2 5 mCH = ld Woy ; m i 3 
Random I 1 T 1 = 
01 NeuN+ R2 ! 
T T T T T euN+ 
Ri R2 R3 Ri R2 RB “i F 
NeuN+ NeuN— NeuN+ NeuN— e 3 a 
2QN CH 
0. ; - R2R3R1R2R1 R3 - & | 0 ChrX 
R29 2 Eo MIN) 
4 | R35 § 8 ZL cH 
B 25 Ri + —0 
(S) - oO o 
‘= | Ee R22 5 SJ 0 
50 2 | : @ 1 oO 
ro) 7 R1 5 SE 
- R3 1 os 
0 : : iid 4 : ! 
Ri R2 R38 R1 R2 RSS 0.3 Ma 1 
NeuN+ NeuN- ~ : 


Pearson correlation 


Fig. 2. mCH is positionally conserved and is the dominant form of DNA 
methylation in human neurons. (A) Browser representation of mCG and 
mCH in NeuN+ and NeuN- cells. Human NeuN+/NeuN-— samples: R1, 53-year- 
old female; R2, 55-year-old male. Mouse NeuN+/NeuN— samples: R1, 7-week 
males; R2, 6-week females; R3, 12-month females (not shown). (B) Percentage 
of methylated base calls in each sequence context throughout the genome. (C) 
Box and whisker plot of mCG and mCH level in neurons and glia at genomic 
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regions bound by Dnmt3a versus a random set. Whiskers indicate 1.5 times the 
interquartile range. (D) mCH correlation between NeuN+ and NeuN- cells in 
mouse and human, measured in 10-kb bins. (E) Browser representation of mCH 
sites in neurons. Scatter plots (right) show consistent mCH/CH at all single sites 
in a 20-kb window overlapping the example region (left). (F) Correlation 
analysis of methylation state at single sites between neurons and ES cells in 
human and mouse. Correlation values are normalized by a simulation (62). 
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mCH = 25.6%, hmC = 17.2%). These data sug- 
gest that the steady-state population of hmC in 
the adult brain is not an intermediate stage in the 
demethylation of mCH. However, these steady- 
state measurements do not preclude the possibil- 
ity that hmCH could be rapidly turned over after 
conversion from mCH, leading to negligible de- 
tected hmCH despite Tet-mediated demethylation 
at CH sites. 


Protection of Inaccessible Genomic Regions 
from de Novo Methylation 


mCH accumulates in parallel across most of the 
genome (Fig. 1F). However, we found numerous 
(36 in human, 34 in mouse) noncentromeric, 
megabase-sized regions that do not accumulate 
mCH. These regions, which we termed mCH 
deserts, are enriched for large gene clusters that 
encode proteins involved in immunity and recep- 
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tors required for sensory neuron function (table 
S2). One mCH desert spans the immunoglobulin 
Vy locus, which encodes variable domains of the 
immunoglobulin heavy chain that rearrange in B 
lymphocytes. The Vy, locus is transcriptionally 
quiescent in the frontal cortex of 10-week-old mice, 
and the chromatin state is highly inaccessible, as 
inferred from deoxyribonuclease I (DNasel) hyper- 
sensitivity profiling (35) and chromatin immuno- 
precipitation (ChIP) input sequence read density 
data (36, 37) (Fig. 1G). In contrast, mCG is not 
depleted in mCH deserts. 

Genome-wide detection of hmC by cytosine 
5-methylenesulphonate immunoprecipitation 
(CMS-IP) (38, 39) revealed that hmC is also 
strongly depleted in the Vy locus. mCH deserts 
are observed at other loci in the genome, in- 
cluding olfactory receptor gene clusters that form 
heterochromatic aggregates required for mono- 
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allelic receptor expression in olfactory sensory 
neurons (40, 41). Genome-wide comparison of 
mCH/CH with chromatin accessibility, as in- 
ferred from ChIP input read density (36, 37), 
for all 10-kb windows of the mouse genome 
revealed two discrete groups of genomic regions 
(Fig. 1H). Low-accessibility regions tend to con- 
tain minimal mCH, whereas more-accessible regions 
of the genome show a proportional relationship 
between genome accessibility and mCH levels. 
Thus, although mCG is unaffected in these re- 
gions, lower chromatin accessibility appears to 
be highly inhibitory to deposition of mCH and 
hmC, potentially via inaccessibility to de novo 
methyltransferases and Tet mC hydroxylases. Fur- 
thermore, this indicates that accumulation of mCH 
and hmC during mammalian brain development 
occurs via processes that are at least partly inde- 
pendent from methylation at CG dinucleotides. 
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Fig. 3. mCH is enriched in genes that escape X inactivation. (A) Browser 
representation showing mCH-hypermethylated female human and mouse genes 
that escape X inactivation (shaded genes). (B) Box and whisker plots of gender 
differences in promoter mCG and intragenic mCH in inactivated and escapee 
genes on human chrx. (C) Scatter plot of gender differences in mCG and mCH 
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in human chrX genes. Reported X inactivated and escapee genes: *Carrel and 
Willard (49); §Sharp et al. (50); tpredicted escapee genes, and autosomal 
(Chr2) genes are indicated. (D) Discriminability analysis of genes that escape 
female X inactivation using mC data, showing correct versus false detection 
rate mapped for all possible mC/C thresholds. 
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Cell Type—Specific DNA Methylation Patterns 
in Neurons and Glia 

The diversity of neuronal and glial cells in the 
frontal cortex raises the question of which fea- 
tures of DNA methylation are found in specific 
cell types. We isolated populations of nuclei by 
fluorescence-activated cell sorting that were high- 
ly enriched for neurons (NeuN+) or glia (NeuN-) 
from human and mouse adult frontal cortex tis- 
sue. An additional glial population was isolated 
from mice expressing enhanced green fluorescent 
protein (eGFP) under the S100b promoter. 
MethylC-Seq revealed differences in the com- 


position and patterning of mCG and mCH in 
neurons and glia (Fig. 2A). Whereas differential 
mCG between neurons and glia was restricted to 
localized regions, neurons were globally enriched 
for mCH compared with glia. Indeed, we dis- 
covered that the level of mCH in glia is similar to 
that of fetal and early postnatal cortical tissue, 
whereas adult neurons have the greatest frequen- 
cy of mCH that has been observed in mammalian 
cells. This indicates that the rapid developmental 
increase in mammalian brain mCH that coincides 
with the period of synaptogenesis is primarily 
due to mCH accumulation in neurons. Further- 
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more, our data show that in human neurons mCH 
is the dominant form of methylation in the ge- 
nome: It is more abundant than mCG and occurs 
in 5% of CH and 10% of CA sites (Fig. 2B and 
fig. S1, A, B, and H). Of the total methylated 
fraction of adult human neuronal genomes, 
mCH accounts for ~53%, whereas mCG con- 
stitutes ~47%,. 

Although sparse in glia, mCH enrichment oc- 
curs within genes that are CH-hypomethylated in 
neurons, such as Mef2c (Fig. 2A), a transcrip- 
tional activator that plays critical roles in learn- 
ing and memory, neuronal differentiation (42), 
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synaptic plasticity (43), and regulation of synapse 
number and function (44). Genome-wide surveys 
identified 174 mouse genes in which glia were 
hypermethylated relative to neurons in the CH 
context (table S3). Unbiased gene ontology anal- 
ysis revealed that these glial hyper-mCH genes 
are highly enriched for roles in neuronal and syn- 
aptic development and function (table S3). These 
genes also overlapped significantly with a set of 
461 genes expressed at higher levels in neurons 
than in astrocytes (13-fold higher overlap than 
chance, P < 10~°°, Fisher exact test, FET) (45) 
and 233 developmentally up-regulated genes 
(7.5-fold, P < 10°’, FET). These genes show 
hypomethylation of CG and CH in neurons and 
hypermethylation of CH in glia (fig. S3A), con- 
sistent with a potential role of mCH in transcrip- 
tional repression of neuronal genes in the glial 
genome. Furthermore, genes associated with 
oligodendrocyte or epithelial function accumu- 
late mCH through development (fig. S3B), with 
oligodendrocyte up-regulated genes showing intra- 
genic mCH hypermethylation in neurons and 
hypomethylation in glia, whereas epithelial genes 


Fig. 5. hmCG is en- 
riched within active 
genomic regions in fe- 
tal and adult mouse 
brain. (A) hmCG level 
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cortex for autosomes and 
Chrx. (B) Median hmCG 
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tures (error bars 32nd 
to 68th percentile). enh, 
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gene body and flanking 
100 kb for indicated gene 
sets. Bars show absolute 
hmCGICG levels within gene 
bodies for each class. (D) D 
mC and hmC throughout 


> 


hmC/C (6 wk) 


gene body and flanking §2 22 2on 
100 kb for each. Tran- 1 
script abundance (mRNA- 
Seq FPKM) during mouse 
development is also shown 
(left). 

Yn 

ro) 

c 

oO 

10) 

16,077 
0.1 1 10 


mRNA-Seq FPKM 


1237905-6 


9 AUGUST 2013 VOL 341 


display mCH hypermethylation in both neuronal 
and glial populations. Consistent with CH methyl- 
ation requiring Dnmt3a, glial hyper-mCH genes 
frequently intersect areas of the genome bound 
by Dnmt3a in mouse postnatal neural stem cells 
(46). Dnmt3a-binding regions are greatly enriched 
for mCH, particularly in glia, whereas mCG is 
not enriched in Dnmt3a-binding regions in glia 
and is depleted in neurons (Fig. 2C). Thus, there 
is an association with Dnmt3a binding sites spe- 
cific to mCH and not mCG, suggesting partial 
independence between these two marks. 


mCH Position Is Highly Conserved 


We examined whether the position of DNA meth- 
ylation is stochastic or precisely controlled at 
different genomic scales. The level of mCH in 
10-kb windows throughout the genome was high- 
ly reproducible between independent samples of 
the same cell type, with lower, but substantial, 
correlation between cell types (Fig. 2D). Closer 
inspection revealed consistency between the meth- 
ylation level at individual mCH sites in neurons 
from different individuals in both mice and hu- 


mans (Fig. 2E). At single-base resolution (fig. $4), 
perfect correlation between individuals would not 
be observed even if the true methylation level 
were identical at each site because of the stochas- 
tic effect of a finite number of sequenced reads. 
To correct for this, we normalized the observed 
correlation by that of simulated data sets with the 
same coverage per site as each of our experi- 
mental samples but with identical methylation 
levels (Fig. 2F and fig. S4). To assess statistical 
significance, we used a permutation test, which 
compared the data correlation with the correla- 
tion after randomly shuffling the relative posi- 
tions of CH sites in each sample (fig. S4). This 
revealed that autosomal CG and CH sites have 
nearly identical methylation levels in neuronal 
populations isolated from different individuals of 
the same species. Observed differences could be 
explained by stochastic sampling rather than true 
individual variation. Unexpectedly, normalized per- 
site correlation is higher for mCH than mCG 
between neuronal populations isolated from the 
frontal cortices of different human individuals, 
and mouse neuronal mCG and mCH per-site 
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correlations are equivalent. Per-site correlation be- 
tween two human ES cell lines (H1 and HUES6) 
is also high (>0.8) for both mCG and mCH. 

The high interindividual correlation of mCH 
at the kilobase and single-site scales indicates that 
methylation of CH positions, particularly in mam- 
malian neurons, is a highly controlled process. It 
is not consistent with a stochastic event that takes 
place at any available CH position in a partic- 
ular genomic region that accumulates mCH. Com- 
parison of mCH between human and mouse 
neurons at conserved exonic CH positions re- 
vealed a low but significant interspecies corre- 
lation (Fig. 2F; P < 0.005, shuffle test), possibly 
indicating conservation of the cellular processes 
that precisely target or restrict mCH at these po- 
sitions. Last, per-site mCG and mCH correlation 
between human ES cells and neurons is signif- 
icantly lower, likely because of differences in the 
processes governing methylation of particular ge- 
nomic features in the distinct cell types, for ex- 
ample, enrichment and depletion of mCH in highly 
transcribed genes in ES cells and neurons, respec- 
tively (Fig. 1, A and B). 

The precise conservation of mCH position 
may be partly caused by the physical configu- 
ration of DNA within nucleosomes. Consistent 
with this, neuronal mCH patterns contain robust 
periodic components at the scale of nucleosome 
spacing [~170 base pairs (bp), fig. SSA] and the 
DNA helix coil length (~10.5 bp, fig. SSB). Such 
periodic components may arise from sequence- 
dependent constraints on mCH position, which 
would be the same in every neuronal cell. Al- 
ternatively, epigenetic heterogeneity within the 
population of NeuN+ nuclei in our sample may 
lead to stronger correlation for CH sites located 
on the same physical chromosome, compared with 
the correlation between the same locations on chro- 
mosomes from different cells. To test this, we mea- 
sured the cross-correlation within individual reads, 
revealing a contribution of within-chromosome 
correlation to the periodic methylation pattern 
(fig. SSC). 


Gender-Specific DNA Methylation Patterns 
on the X Chromosome 


Interindividual correlation of mCG and mCH on 
chromosome X (ChrX) is frequently lower than 
on autosomes (Fig. 2F), prompting a closer analy- 
sis of ChrX mC patterns. ChrX mCG and mCH 
levels were generally lower in females compared 
with males, presumably because of the effect of 
ChrX inactivation (fig. S5, F and G) (47, 48). 
However, a subset of genes in both humans and 
mice have significantly greater intragenic mCH 
levels in females compared with males (Fig. 3A). 
Inspection of these genes revealed that most were 
previously found to escape inactivation in human 
females (X-escapees), displaying biallelic expres- 
sion (49) and a reduction in promoter mCG hy- 
permethylation, a DNA methylation signature of 
inactivated alleles (50). Quantification of human 
gender differences in neuronal DNA methylation 
for ChrX genes previously characterized as show- 
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ing biallelic expression (49) revealed that females 
have reduced promoter mCG and a large increase 
in intragenic mCH but not intragenic mCG (Fig. 
3, B and C, and fig. S5, D and E). The sequence 
composition of mCH is very similar in the whole 
genome, within autosomal gene bodies, and with- 
in X-chromosome inactivated and escapee gene 
bodies (fig. SSH). Analysis of gender-specific 
methylation in additional human cell types re- 
vealed that female promoter mCG hypomethyla- 
tion is observed at X-escapee genes in glia and 
human embryonic stem cells (fig. S6). Intragenic 
mCH hypermethylation of X-escapees was also 
observed in female glia, albeit to a lesser extent 
than in neurons, but was not present in ES cells. 
Thus, X-escapee mCH hypermethylation may be 
a feature that is specific to neural cell types. Al- 
though both promoter CG hypomethylation and 
intragenic CH hypermethylation provide signif- 
icant information for discriminating X-escapees 
[Fig. 3D, discriminability index (area under the 
curve, AUC) = 0.75 and 0.78, respectively], com- 
bining both mCG and mCH measurements boosts 
discriminability (AUC = 0.88). By using this 
intragenic mCH hypermethylation signature, we 
identified seven new putative X-escapee genes 
(table S4). On the basis of these data, we hypothe- 
size that intragenic CH hypermethylation in 
neurons may play a compensatory role in genes 
that fail to acquire repressive CG hypermethyla- 
tion in the promoter region, restoring equal gene 
expression between male and female cells (5/). 


Distinct Genic DNA Methylation States 
Demarcate Functionally Relevant Gene Clusters 


DNA methylation within promoter regions and 
in gene bodies is implicated in regulation of gene 
expression (22, 52), suggesting that the precisely 
conserved, cell type-specific DNA methylation 
patterns may be related to specific neuronal and 
glial cellular processes. We therefore used an un- 
biased approach to classify patterns of mCG and 
mCH within each annotated gene body and in 
flanking regions extending 100 kb up- or down- 
stream. After normalizing the methylation pattern 
around each autosomal gene by the local baseline 
mCG or mCH level in each adult neuronal or 
glial sample, we combined these features into a 
large data matrix containing 4200 individual DNA 
methylation measurements for each gene [seven 
samples, two contexts (CG and CH), 300 1-kb 
bins within and around each gene]. Using prin- 
cipal component (PC) analysis, we extracted five 
methylation features (PCs) that together account 
for 46% of the total data set variance (fig. S7A). 
Gene sets with specific neuronal or astrocytic 
expression, as well as ChrX genes, segregate within 
PC space (fig. S6B). We then used k-means clus- 
tering to classify all genes into 15 clusters on the 
basis of their mCG and mCH patterns (Fig. 4A 
and fig. S8). Several dominant patterns of DNA 
methylation and transcript abundance and dynam- 
ics between developmental and cellular states are 
evident. A cluster of genes that progressively loses 
gene-body mCG and mCH through development 
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contains constitutively highly expressed genes that 
are strongly enriched for neuronal function and 
depleted for astrocyte-specific roles (Fig. 4A, box 
1). These genes show intragenic mCG enrich- 
ment in glia and depletion in neurons (box 2), 
indicating that glial gene body mCG resembles 
that of the neural precursor cells that predominate 
the fetal brain. This indicates that the loss of 
mCG in brain tissue during development is due 
to CG hypomethylation in mature neurons. These 
constitutively highly expressed genes enriched for 
neuronal function also show extensive intragenic 
mCH hypomethylation in neurons in contrast to 
glia (box 3), and they are enriched for hmCG (box 4) 
as previously described (32, 33). Genes that are 
not as highly transcribed, but that are associated 
with neuronal function and are developmentally 
up-regulated, also show intragenic mCG and mCH 
hypomethylation in neurons but not glia (box 5). 
For these gene sets, mCG and mCH enrichment 
or depletion is precisely localized to transcribed 
regions, suggesting that this modification of genic 
mC is tightly coupled to transcription. Notably, 
the bodies of constitutively high genes that are 
not enriched for neuronal function (box 6) do not 
show marked fetal/glial mCG enrichment or neu- 
ronal mCH depletion, indicating that this differ- 
ential methylation is specific for genes enriched 
for neuronal function and not simply an associ- 
ation with particular levels of transcriptional ac- 
tivity. Genes associated with astrocyte function 
show an opposite pattern to genes associated with 
neuronal function: a progressive increase in intra- 
genic mCG and mCH in frontal cortex tissue over 
development, neuronal mCG and mCH hyper- 
methylation, and glial mCG and mCH hypometh- 
ylation (Fig. 4A, boxes 7 to 9). Last, genes with 
constitutively low expression do not show devel- 
opmental or cell type-specific DNA methylation 
patterns (box 10), demonstrating that dynamic DNA 
methylation in genes is highly associated with 
differential transcriptional activity in mammalian 
brain development and neural cell specialization. 

Each of the gene clusters identified in our 
unbiased analysis was significantly enriched or 
depleted for cell type-specific function [neuronal 
or astrocytic genes (45)] or particular expression 
patterns (constitutively high or low expression, 
developmentally up- or down-regulated) (Fig. 4B). 
Profiling the median mCG and mCH of genes 
within each of these categories allows direct com- 
parison of developmental and cell type-specific 
DNA methylation in mouse (Fig. 4C) and human 
(fig. S3C). This analysis recapitulates many of the 
conclusions of the unbiased clustering (Fig. 4A). 

The inverse relationship observed between 
genic mCH level and transcriptional activity is 
consistent with a model whereby intragenic accu- 
mulation of mCH impedes transcriptional activity. 
Alternatively, the process of transcription could 
interfere with mCH de novo methylation or in- 
duce active mCH demethylation, although these 
are not consistent with the DNMT3A-dependent 
intragenic mCH in human embryonic stem cells 
that is positively correlated with gene expression 
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(22, 23). Overall, glial mCG and mCH patterns 
closely resemble those of the fetal and the early 
postnatal brain, indicating that DNA methylation 
in early mammalian brain developmental stages 
may be a default state that largely persists through 
to maturity in glial cells, whereas neuronal dif- 
ferentiation and maturation involve extensive re- 
configuration of the DNA methylome that is 
highly associated with cell type-specific changes 
in transcriptional activity. 


hmCG Is Enriched Within Active Genomic 
Regions in Fetal and Adult Mouse Brain 


Our base-resolution analysis of hmC using TAB- 
Seq revealed that intragenic and global hmCG 
levels are largely equivalent between chromosomes, 
whereas hmCG/CG is 22% lower on the male 
ChrX, consistent with previous reports from en- 
richment based detection of hmC (32, 33) (Fig. SA). 
Analysis of hmCG levels in different genomic 
regions revealed that, although adult hnCG/CG 
is similar across transcriptional end sites and intra- 
genic, DNasel-hypersensitive (DHS), and enhancer 
regions, the fetal frontal cortex shows a relative 
enrichment of hmCG in DHS regions and en- 
hancers, in particular enhancer regions that are 
unique to the fetal developmental stage (Fig. 5B). 
The inverse pattern can be observed for adult 
mCG levels, which are lower in DHS regions and 
enhancers (fig. S9, A and B), suggesting that re- 
gions of relatively high hmCG levels in the fetal 
brain show relatively low mCG levels in the adult 
brain. Analysis of intragenic hmCG enrichment 
relative to flanking genomic regions, for cell type— 
specific or developmentally dynamic gene sets 
(Fig. 5C), showed that neuronal and astrocyte 
gene bodies that are highly enriched with hmCG 
in adult are also highly enriched at the fetal stage. 
Thus, despite lower absolute levels of intra- 
genic hmCG in the fetal stage, the adult patterns 
of hmCG enrichment at these cell type-specific 
genes are already forming in utero. Constitutively 
lowly expressed genes show intragenic depletion 
of hmCG, in contrast to constitutively highly 
transcribed genes, which show localized enrich- 
ment of hmCG throughout part or all of the gene 
body. Developmentally down-regulated genes show 
enrichment of hmCG in the fetal frontal cortex but 
not in adults, indicating that reduced transcription 
is accompanied by a loss of hmCG enrichment. 
Overall, transcriptional activity is associated with 
intragenic hmCG enrichment, as reported (33), 
with in utero establishment of adult hmCG pat- 
terns for cell type-specific genes and loss of hmC 
enrichment associated with developmentally cou- 
pled transcriptional down-regulation. 
Measurement of mC and hmC in all genes in 
fetal and adult mouse frontal cortex indicated that 
both mCG and hmCG are depleted at promoters 
and in gene bodies of lowly expressed genes, 
whereas hmCG is enriched throughout the gene 
bodies of more highly transcribed genes (Fig. 5D). 
The most highly expressed genes in the adult 
frontal cortex show intragenic mCG hypomethyl- 
ation (Figs. 4 and SD) but still retain high intra- 
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genic hmCG. Ranking all genes by transcript 
abundance, it is evident that the highest mean 
intragenic hmCG levels, which occur in the most 
highly transcribed genes, correspond to hmCG/ 
CG ~ 0.25 and mCG/CG ~ 0.5 (fig. S10D). Frontal 
cortex development is accompanied by increased 
enrichment of hmCG at intragenic regions that 
are already hyper-hydroxymethylated at the fetal 
stage (Fig. 5D and fig. S10), demonstrating that 
adult patterns of genic hmC are already evident in 
the immature fetal brain. 


CG Differentially Methylated Regions 
Enriched in Regulatory Regions 


Because differences in genic mCG were observed 
over development and between neuronal and glial 
cell populations (Fig. 4), we scanned the human and 
mouse methylomes to comprehensively identify 
CG differentially methylated regions (CG-DMRs) 
throughout the genome. CG-DMRs were identi- 
fied between fetal and adult frontal cortex, neu- 
rons and glia, and combined into four sets: neuronal 
and glial hyper- and hypo-methylated CG-DMRs. 
In total, 267,799 human and 142,835 mouse 
CG-DMRs were identified (median lengths: for 
mouse, 473 bp; human, 533 bp), revealing sev- 
eral predominant dynamics in mCG during brain 
development and cellular specialization (Fig. 6A 
and fig. S11). Neuronal CG-DMRs are the most 
numerous in both mice and humans, because of 
the very distinct mCG patterns that emerge during 
neuronal differentiation and maturation. At these 
sites, CG methylation in adult neurons is distinct 
compared with those in glial and/or fetal and ear- 
ly postnatal development frontal cortex tissue sam- 
ples. Neuronal hypermethylated CG-DMRs also 
show mCH hypermethylation (fig. S11). In mouse, 
mCG/CG within neuronal hypomethylated 
CG-DMRs declines to a stable level by 1 week 
after birth. In contrast, neuronal hypermethylated 
CG-DMRs do not begin to change until 1 week 
after birth, after which they accumulate mCG 
until 2 to 4 weeks of age. These data indicate that 
increases in neuronal mCG occur during synap- 
togenesis after most decreases in neuronal mCG 
have already occurred. Furthermore, we found 
that hydroxymethylation in the adult cortex is 
highest in CG-DMRs that show neuronal hyper- 
methylation and is depleted from CG-DMRs that 
display neuronal hypomethylation (Fig. 6A). This 
suggests that hmCG may be most abundant in 
neurons, rather than glial cells, in the frontal cortex. 

Analysis of the genomic features in which 
CG-DMRs are located revealed that although half 
are found within gene bodies, they are not com- 
mon within promoters and transcriptional start 
and end regions. Instead, they are disproportion- 
ately located at DHS regions and enhancers unique 
to fetal or adult brain (Fig. 6B). Closer inspection 
of the enrichment and depletion of these CG-DMRs 
revealed that fetal enhancers and DHS sites unique 
to the fetal brain are enriched for hypermethyla- 
tion in adult brain but not in the fetal brain (Fig. 
6C). In contrast, adult enhancers and unique adult 
DHS sites are highly associated with CG hyper- 
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methylation in fetal stages but are not associated 
with hypermethylated CG-DMRs in the adult 
brain and in neurons. Thus, developmentally dy- 
namic enhancers and DHS sites in frontal cortex 
have dynamic CG methylation that is depleted 
where chromatin accessibility and regulatory el- 
ement activity increase, consistent with a range of 
human cell lines (53). 

To characterize gene functions associated with 
the CG-DMRs, we analyzed the association be- 
tween proximal genes (transcriptional start site 
within 5 kb of the DMR) and cell type-specific or 
developmentally dynamic gene sets (fig. S12A). 
We observed an inverse relationship between meth- 
ylation and gene function. Genes associated with 
neuronal function and up-regulation during devel- 
opment are enriched for promoter hypermethyl- 
ation in glia and hypomethylation in neurons, 
whereas genes down-regulated during brain de- 
velopment and those related to astrocyte function 
are enriched for promoter hypermethylation in neu- 
rons and hypomethylation in glia. Genes that are 
constitutively expressed at either high or low lev- 
els are not associated with promoter/transcription 
start site CG-DMRs, indicating that dynamic CG 
methylation is highly associated with changes in 
transcriptional activity and cell type-specific tran- 
scriptional regulation. 

Because the majority of all developmentally 
dynamic CG-DMRs are associated with DHS 
sites, we examined the directional relationships 
between dynamic mCG and DNA accessibility 
states over development (Fig. 6D). Notably, DHS 
sites unique to fetal frontal cortex overlap with 
28% of CG-DMRs that gain methylation through 
development (Adult>Fetal). However, these sites 
only overlap 7.3% of CG-DMRs that lose mCG 
during development (Fetal>Adult). Similarly, DHS 
sites unique to adult frontal cortex rarely overlap 
Adult>Fetal CG-DMRs. A similar analysis of de- 
velopmentally dynamic enhancers active in only 
one of the developmental stages (37) (Fig. 6E) 
showed that enhancer activation is associated 
with mCG hypomethylation of the enhancer, 
whereas enhancer inactivation is associated with 
enhancer mCG hypermethylation. 

This inverse relationship between genome ac- 
cessibility and mCG level at putative functional 
regions of the genome suggests that nuclear fac- 
tors that bind the region and increase accessibil- 
ity may cause localized reduction in mCG, as 
previously reported for a small number of DNA 
binding proteins (54). Alternatively, mCG hy- 
permethylation may cause reduced genome ac- 
cessibility by direct inhibition of DNA-protein 
interactions or induction of chromatin compac- 
tion, with loss of mCG enabling increased chro- 
matin accessibility and genome interaction with 
DNA binding factors. 

Discrete regions that show increased or de- 
creased CG methylation through development are 
associated with specific local chromatin modifi- 
cations. We found that CG-methylated regions of 
the fetal frontal cortex that become hypomethyl- 
ated in the adult (Fig. 6F, Fetal>Adult) gain 
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localized histone modifications characteristic of 
active enhancers (H3K4mel and H3K27ac) and 
increased DNasel hypersensitivity in the adult. In 
addition, these regions have reduced accumula- 
tion of mCH (Fig. 6F), consistent with an overall 
decrease in mC linked to increased genome ac- 
cessibility and enhancer activity. In contrast, ge- 
nomic regions that gain mCG during development 
(Adult>Fetal) lose localized enrichment of H3K4mel, 
H3K27ac, and DNasel hypersensitivity and show 
increased mCH. These changes indicate inactivation 
of these genomic regions through brain develop- 
ment and suggest that this inactivation is associated 
with increased local mCG. 


A Hydroxymethylation Signature of 
Developmentally Activated Regions 


Adult>Fetal CG-DMRs show broad low-level 
hmCG enrichment flanking the CG-DMR and a 
localized depletion of hmC at the center in both 
fetal and adult genomes (Fig. 6F), and the ab- 
solute abundance of hmC is several-fold lower in 
fetal compared with adult frontal cortex (Fig. 1). 
This suggests that although Adult>Fetal CG-DMRs 
gain mCG through development, they tend to 
be refractory to conversion to hmC, potentially 
because of lower accessibility to the Tet hydrox- 
ylases. In contrast, Fetal>Adult CG-DMRs have 
a local enrichment of both mCG and hmCG in 
the fetal cortex that becomes a local depletion in 
the adult. Two enrichment-based genome-wide 
hmC profiling techniques, CMS-IP (38) and biotin- 
glucosyl tagging (3/), confirmed the localized 
enrichment of hmC at Fetal>Adult CG-DMRs 
(fig. S12B). The localized enrichment of hmC at 
these inaccessible and quiescent genomic regions, 
which lose mCG and hmCG later in develop- 
ment, indicates that they may be premodified with 
hmCG in the fetal stage to create a dormant state 
that is poised for subsequent demethylation and 
activation at a later developmental stage. Closer 
inspection of base-resolution hmC data revealed 
that 4% of the hmCG bases that have significant- 
ly higher hmC levels in fetal compared with adult 
[false discovery rate (FDR) 0.05] directly overlap 
with Fetal>Adult CG-DMRs, far exceeding the 
number expected by chance (0.5%). This indi- 
cates that despite lower global levels of hmC in 
the fetal brain, developmentally demethylated CG- 
DMRs are enriched for hmCG bases that are 
more highly hydroxymethylated in fetal than in 
adult brain (Fig. 6G). The localized enrichment 
of mCG at these CG-DMRs in the fetal cortex indi- 
cates that CG-demethylation has not yet taken place. 

If fetal hmCG is poised at dormant genomic 
regions in order to facilitate active DNA demeth- 
ylation at later developmental stages, then the Tet 
hydroxylase enzymes that catalyze conversion of 
mC to hmC should be necessary for mCG hypo- 
methylation in the adult frontal cortex at these 
regions. To test this, we performed MethylC-Seq 
of genomic DNA from frontal cortex tissue of adult 
Tet?’ mice. Adult>Fetal CG-DMRs, which gain 
mCG through development, are largely unaffected 
in Tet?’ compared with wild-type adult mice 
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(Fig. 6, H and I; 3.6% hypermethylated, FET, 
FDR 0.05). By contrast, a substantial fraction of 
Fetal>Adult CG-DMRs are hypermethylated in 
Tet?“ (19.7%) versus wild type. The mutant 
shows a small but significant increase in mCG at 
Fetal>Adult CG-DMRs (Fig. 61 and fig. S12C) 
(Tet2“: 7.9% + 4.6%, P < 10, Wilcoxon 
signed rank test). The partial effect of the mutation 
on CG methylation is not unexpected given that 
all three Jet genes are expressed in the brain 
(fig. S9C) and may exhibit some functional re- 
dundancy. Additionally, a genome-wide search 
identified 14,340 CG-DMRs hypermethylated in 
Tet2 “ relative to wild type (6 weeks, 10 weeks, 
and 22 months), >fourfold more numerous than 
hypomethylated CG-DMRs (3099). This further 
indicates a role for Tet2 in mediating mCG de- 
methylation during brain development. 


Discussion 


The essential role of frontal cortex in behavior 
and cognition requires the coordinated interac- 
tion, via electrical and chemical signaling, of mul- 
tiple neuronal cell types and a diverse population 
of glial cells. Individual brain cells have unique 
roles within circuits that are defined by their lo- 
cation and pattern of connections as well as by 
their molecular identity. The development and 
maturation of the brain’s physical structure and 
the refinement of the molecular identities of neu- 
rons and glial cells occur in parallel in a finely 
orchestrated process that starts early during the 
embryonic period and continues, in humans, well 
into the third decade of life (55, 56). An early 
postnatal burst of synaptogenesis is followed by 
activity-dependent pruning of excess synapses 
during adolescence (28, 57, 58). This process 
forms the basis for experience-dependent plastic- 
ity and learning in children and young adults (59), 
and its disruption leads to behavioral alterations 
and neuropsychiatric disorders (60). During this 
period, profound transcriptional changes lead to 
the appearance of adult electrophysiological char- 
acteristics in neocortical neurons. 

Our study suggests a key role of DNA meth- 
ylation in brain development and function. First, 
CH methylation accumulates significantly in neu- 
rons through early childhood and adolescence, 
becoming the dominant form of DNA methyla- 
tion in mature human neurons. This shows that 
the period of synaptogenesis, during which the 
neural circuit matures, is accompanied by a par- 
allel process of large-scale reconfiguration of the 
neuronal epigenome. Indeed, central nervous sys- 
tem deletion of Dnamt3a during late gestation in- 
duces motor deficits, and animals die prematurely 
(61). However, mice with a postnatal deletion 
restricted to the pyramidal cell population (com- 
plete recombination around | month old) do not 
show overt behavioral or transcriptional altera- 
tions (2). Our data suggest that expression of 
Dnmt3a specifically around the second postnatal 
week may be critical for establishing a normal 
brain DNA methylation profile and allowing 
healthy brain development. 


Second, the precise positioning of mCG and 
mCH marks, which are conserved between indi- 
viduals and across humans and mice, is consist- 
ent with a functional role. Whether this is the case, 
or whether the conserved patterns are instead a 
reflection of conserved nucleosome position or 
chromatin structure, requires further investigation. 
Third, the relationship between DNA methylation 
patterns and the function of neuron- or astrocyte- 
specific gene sets suggests a role for DNA meth- 
ylation in distinguishing these two broad classes 
of cortical cells. DNA methylation could there- 
fore play a key role in sculpting more-specific 
cellular identities. If this is the case, we expect 
that purified subpopulations will reveal high spec- 
ificity of methylation at specific sites for partic- 
ular cell types. Thus, the observation that most 
CH sites with nonzero methylation are methyl- 
ated in ~20 to 25% of sampled cells (fig. S1H) 
could be explained by the heterogeneity of these 
brain circuits rather than by stochastic methyla- 
tion within each cell. These conclusions obtained 
from our genome-wide, base-resolution, cell type— 
specific DNA methylomes for brain cells through 
key stages of development are the first steps toward 
unraveling the genetic program and experience- 
dependent epigenetic modifications leading to a 
fully differentiated nervous system. 
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Imaging of the CO Snow Line ina 
Solar Nebula Analog 


Chunhua Qi,?*} Karin |. Oberg,2*+ David J. Wilner,’ Paola D’Alessio,? Edwin Bergin,‘ 


Sean M. Andrews,” Geoffrey A. Blake,” Michiel R. Hogerheijde,° Ewine F. van Dishoec 


ko? 


Planets form in the disks around young stars. Their formation efficiency and composition are 
intimately linked to the protoplanetary disk locations of “snow lines” of abundant volatiles. 

We present chemical imaging of the carbon monoxide (CO) snow line in the disk around TW 
Hya, an analog of the solar nebula, using high spatial and spectral resolution Atacama Large 
Millimeter/Submillimeter Array observations of diazenylium (N2H"), a reactive ion present in large 
abundance only where CO is frozen out. The N2H* emission is distributed in a large ring, with 
an inner radius that matches CO snow line model predictions. The extracted CO snow line radius 
of ~30 astronomical units helps to assess models of the formation dynamics of the solar system, 
when combined with measurements of the bulk composition of planets and comets. 


ondensation fronts in protoplanetary 
( disks, where abundant volatiles deplete 

out of the gas phase and are incorporated 
into solids, are believed to have played a critical 
role in the formation of planets in the solar sys- 
tem (/, 2), and similar “snow lines” in the disks 
around young stars should affect the ongoing 
formation of exoplanets. Snow lines can enhance 
particle growth and thus planet formation effi- 
ciencies because of (1) substantial increases in 
solid mass surface densities exterior to snow line 
locations, (ii) continuous freeze-out of gas dif- 
fusing across the snow line (cold-head effect), 
(ii) pile-up of dust just inside of the snow line in 
pressure traps, and (iv) an increased “‘stickiness” 
of icy grains compared with bare ones, which 
favors dust coagulation (3—7). Experiments and 
theory on these processes have been focused on 
the H2O snow line, but the results should be gen- 
erally applicable to snow lines of abundant vol- 
atiles, with the exception that the stickiness of 
different icy grain mantles varies. The locations 
of snow lines of the most abundant volatiles—H,O, 
COz, and CO—with respect to the planet-forming 
zone may also regulate the bulk composition of 
planets (8). Determining snow line locations is 
therefore key to probing grain growth—and thus, 
planetesimal and planet formation efficiencies— 
and elemental and molecular compositions of 
planetesimals and planets forming in proto- 
planetary disks, including the solar nebula. 
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According to the solar system’s composition 
and disk theory, the H2O snow line developed at 
~3 astronomical units (AU, where 1 AU is the 
average distance from the Earth to the Sun) from 
the early Sun during the epoch of chondrite as- 
sembly (9). In other protoplanetary disks, the 
snow line locations are determined by the disk 
midplane temperature structures, which are set 
by a time-dependent combination of the lumi- 
nosity of the central star, the presence of other 
heating sources, the efficiencies of dust and gas 
cooling, and the intrinsic condensation temper- 
atures of different volatiles. Because of the low 
condensation temperature of CO, the CO snow 
line occurs at radii of tens of AU around solar- 
type stars: this larger-sized scale makes the CO 
transition zone the most accessible to direct ob- 
servations. The CO snow line is also important in 
its own right because CO ice is a starting point for 
a complex, prebiotic chemistry (/0). Also, with- 
out incorporating an enhanced grain growth ef- 
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ficiency beyond that expected for bare silicate 
dust, observations of centimeter-sized dust grains 
in disks, including in TW Hya (//), are difficult 
to reproduce in the outer disk. Condensation 
of CO is very efficient below the CO freeze- 
out temperature, with a sticking efficiency close 
to unity according to experiments (/2), and a CO 
condensation—based dust growth mode may thus 
be key to explaining these observations. 

Protoplanetary disks have evolving radial and 
vertical temperature gradients, with a warmer sur- 
face where CO remains in the gaseous state 
throughout the disk, even as it is frozen in the 
cold, dense region beyond the midplane snow 
line (73). This means that the midplane snow 
line important for planet formation constitutes 
a smaller portion of a larger condensation sur- 
face. Because the bulk of the CO emission comes 
from the disk surface layers, this presents a chal- 
lenge for locating the CO midplane snow line. 
Its location has been observationally identified 
toward only one system, the disk around HD 
163296, based on millimeter (or sub-millimeter) 
interferometric observations of multiple CO ro- 
tational transitions and isotopologues at high 
spatial resolution, interpreted through detailed 
modeling of the disk dust and gas physical struc- 
ture (/4). An alternative approach to constrain the 
CO snow line, suggested in (/5) and pursued here, 
is to image molecular emission from a species that 
is abundant only where CO is highly depleted 
from the gas phase. 

N>H* emission is expected to be a robust 
tracer of CO depletion because the presence of 
gas phase CO both slows down N>H" formation 
and speeds up NH" destruction. NyH” forms 
through reactions between N3 and H;", but most 
H;" will instead transfer a proton to CO as long as 
the more abundant CO remains in the gas phase. 
The most important destruction mechanism for 
N>H' is proton transfer to a CO molecule, whereas 


Fig. 1. Observed images of dust, CO, and N2H* emission toward TW Hya. (Left) ALMA 372-GHz 
continuum map, extracted from the line-free channels of the NjH* observations. Contours mark [5, 10, 
20, 40, 80, 160, 320] millijansky (mJy) beam™, and the root mean square (RMS) is 0.2 mJy beam“. 
(Center) Image of CO J = 3—2 emission acquired with the SMA (24). Contours mark (1—5) Jy km s+ 
beam, and the RMS is 0.1 Jy km s? beam”. (Right) ALMA image of NjoH* J = 4—3 integrated 
emission with a single contour at 150 mJy km s~* beam“, and the RMS is 10 mJy km s“* beam~*. The 
synthesized beam sizes are shown in each bottom left corner. The red dashed circle marks the best-fit 
inner radius of the NjH* ring from a modeling of the visibilities. This inner edge traces the onset of CO 
freeze-out according to astrochemical theory and thus marks the CO snow line in the disk midplane. 
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in the absence of CO, N>H" is destroyed through 
a much slower dissociative recombination reac- 
tion. These simple astrochemical considerations 
predict a correlation between NjH™ and CO de- 
pletion, or equivalently an anticorrelation between 
N>H' and gas-phase CO. The latter has been ob- 
served in many prestellar and protostellar environ- 
ments, confirming the basic theory (/6, 77). In 
disks, N>H* should therefore be present at large 
abundances only inside the vertical and horizontal 
thermal layers where CO vapor is condensing— 
that is, beyond the CO snow line. Molecular line 
surveys of disks have shown that N>H" is only 
present in disks cold enough to entertain CO fieeze- 
out (/8), and marginally resolved observations hint 
at a N>H" emission offset from the stellar position 
(15), which is in agreement with the models of disk 
chemistry (79). Detailed imaging of NH" emission 
in protoplanetary disks at the scales needed to 
directly reveal CO snow lines with sufficient sen- 
sitivity has previously been out of reach. 

We used the Atacama Large Millimeter/ 
Submillimeter Array (ALMA) to obtain images 
of emission from the 372-GHz dust continuum 
and the NH" J= 4 — 3 rotational line (where J is 
the rotational quantum number) from the disk 
around TW Hya (Fig. 1 and fig. $1) (20). TW 
Hya is the closest (54 + 6 pc) and as such is the 
most intensively studied pre—main-sequence 
star with a gas-rich circumstellar disk (2/, 22). 
According to previous observations of dust and 
CO emission, and the recent detection of HD line 
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emission (23), this 3 million— to 10 million—year- 
old, 0.8 solar mass (M,) T Tauri star (spectral 
type K7) is known to be surrounded by an almost 
face-on (~6° inclination) massive ~0.04 M. gas- 
rich disk. The disk size in millimeter dust is ~60 AU, 
with a more extended (+100 AU) disk in gas 
and micrometer-sized dust (24). Both the disk 
mass and size conform well with solar nebula 
estimates—the minimum mass of the solar nebula 
is 0.01 Mo, based on planet masses and com- 
positions (9)—and the disk around TW Hya may 
thus serve as a template for planet formation in 
the solar nebula. Our images show that N,H™ 
emission is distributed in a ring with an inner 
diameter of 0.8 to 1.2 arc sec (based on visual 
inspection), corresponding to a physical inner 
radius of 21 to 32 AU. In contrast, CO emission 
is detected down to radial scales of ~2 AU (25). 
The clear difference in morphology between 
the NjH* and CO emission can be simply ex- 
plained by the presence of a CO midplane snow 
line at the observed inner edge of the N»H* 
emission ring. The different morphologies cannot 
be explained by a lack of ions in the inner disk, 
based on previous spatially and spectrally resolved 
observations of another ion, HCO* (22). These 
HCO" observations had lower sensitivity and 
angular resolution than those of the N2H* obser- 
vations, but they are sufficient to exclude a central 
hole comparable in size with that seen in N2H’. 

To associate the inner-edge radius of the NyH* 
emission with a midplane temperature, and thus 
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Fig. 2. Model results for the N2H* abundance structure toward TW Hya. (A) The ° fit surface for 
the power-law index and inner radius of the NzH* abundance profile. Contours correspond to the 16 to 
50 errors, and the blue contour marks 3c. (B) The best-fit N3H* column density structure, shown together 
with the total gas column density and the best-fit **CO column density for CO freeze-out at 17 K. The 
shaded region marks the NjH* 16 detection limit. (C) NoH* observations, simulated observations of the 
best-fit NJH* model, and the imaged residuals, calculated from the visibilities. 
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a CO freeze-out temperature, requires a model of 
the disk density and temperature structure. We 
adopted the model presented in (22), updated to 
conform with recent observations of the ac- 
cretion rate and grain settling (figs. S2 to S4 and 
table S1) (20). In the context of this disk structure 
model, the NH" inner-edge location implies 
that NJH" becomes abundant where the midplane 
temperature drops to 16 to 20 K. This is in agree- 
ment with expectations for the CO freeze-out 
temperature on the basis of the outcome of the 
laboratory experiments and desorption modeling 
by (/2), who found CO condensation/sublimation 
temperatures of 16 to 18 K under interstellar con- 
ditions, assuming heat-up rates of 1 K per 10° 
to 10° years. In outer-disk midplanes, condensa- 
tion temperatures are expected to be at most a 
few degrees higher because of a weak depen- 
dence on density (26). If CO condenses onto 
H,O ice rather than existing CO ice, the con- 
densation temperature will increase further, but 
this will only affect the first few monolayers of 
ice and is not expected to change the location 
where the majority of CO freezes out. Some CO 
may also remain in the gas phase below the CO 
freeze-out temperature in the presence of effi- 
cient nonthermal desorption, especially ultra- 
violet (UV) photodesorption (27), but this is 
expected to be negligible in the disk midplane 
at 30 AU because of UV shielding by upper-disk 
layers. UV photodesorption may affect the ver- 
tical CO snow surface location, however, and 
thus, describing the radial and vertical conden- 
sation surfaces with a single freeze-out temper- 
ature may not be possible. 

To locate the inner edge of the NjH* ring 
more quantitatively, we simulated the NoH* emis- 
sion with a power-law column density distribution 
and compared this with the data. We assumed the 
disk material orbits the central star in Keplerian 
motion and fixed the geometric and kinematic 
parameters of the disk that affect its observed 
spatio-kinematic behavior (22). We used the same 
updated density and temperature disk structure 
model (20) and assumed that the NoH* column 
density structure could be approximated as a radial 
power law with inner and outer edges, whereas 
vertically the abundance was taken to be constant 
between the lower (toward midplane) and upper 
(toward surface) boundaries. This approach 
crudely mimics the results of detailed astrochem- 
ical modeling of disks, which shows that mole- 
cules are predominantly present in well-defined 
vertical layers (/3, 19), and has been used to con- 
strain molecular abundance structures in a num- 
ber of previous studies (/5, 22). The inner and 
outer radii, power-law index, and column den- 
sity at 100 AU were treated as free parameters. 
We calculated a grid of synthetic N>H" visibility 
data sets using the RATRAN code (28) to deter- 
mine the radiative transfer and molecular excitation 
and compared them with the N,H* observations. 
We obtained the best-fit model by minimizing y’, 
the weighted difference between the data and the 
model with the real and imaginary part of the 
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complex visibility measured in the (u,v) plane 
sampled by the ALMA observations of NjH". 

As demonstrated in Fig. 2A, the inner radius 
is well constrained to 28 to 31 AU (30). This 
edge determination was aided by the nearly face- 
on viewing geometry because this minimizes the 
impact of the detailed vertical structure on the disk- 
modeling outcome. Furthermore, the Keplerian 
kinematics of the gas help to constrain the size 
scale at a level finer than the spatial resolution 
implied by the synthesized beam size. As a result, 
the fitted inner radius is robust to the details of 
the density and temperature model (table S2) (20). 
In the context of this model, the best-fit NjH* 
inner radius corresponds to a CO midplane snow 
line at a temperature of 17 K. The best-fit NoH* 
column density profile is presented in Fig. 2B 
together with the best-fit '“CO profile, assuming 
a CO freeze-out temperature of 17 K (20) (fig. S5 
and table S3). We fit '*CO emission [obtained 
with the Submillimeter Array (20)] because the 
main isotopologue CO lines are optically thick. 
The N>H’ column density contrast across the CO 
snow line is at least an order of magnitude (20). 
Simulated ALMA observations of the best-fit 
N>H' J= 4-3 model are shown in Fig. 2C, dem- 
onstrating the excellent agreement. 

Our quantitative analysis thus confirms the 
predictions that NH" traces the snow line of the 
abundant volatile, CO. Furthermore, the agree- 
ment between the quantitative analysis and the 
visual estimate of the NoH” inner radius demon- 
strates that NyH* imaging is a powerful tool to 
determine the CO snow line radii in disks, whose 
density and temperature structures have not been 
modeled in detail. NsH* imaging with ALMA 
may therefore be used to provide statistics on 
how snow line locations depend on parameters 
of interest for planet formation theory, such as 
the evolutionary stage of the disks. 

The locations of snow lines in solar nebula 
analogs such as TW Hya are also important to 
understand the formation dynamics of the solar 
system. The H5O snow line is key to the forma- 
tion of Jupiter and Saturn (29), whereas CH, and 
CO freeze-out enhanced the solid surface density 
further out in the solar nebula, which may have 
contributed to the feeding zones of Uranus and 
Neptune (30), depending on exactly where these 
ice giants formed. In the popular Nice model for 
the dynamics of the young solar system, Uranus 
formed at the largest radius of all planets, at ~17 AU 
(31), and most comets and Kuiper Belt objects 
formed further out, to ~35 AU. The plausibility 
of this scenario can be assessed by using the 
bulk compositions of these bodies together with 
knowledge of the CO snow line location. In 
particular, Kuiper Belt objects contain CO and 
the even more volatile N> (32, 33), which implies 
that they must have formed beyond the CO snow 
line. Comets exhibit a range of CO abundances, 
some of which seem to be primordial, which sug- 
gests that the CO snow line was located in the 
outer part of their formation region of 15 to 35 AU 
(34). This is consistent with the CO snow line 


9 AUGUST 2013 VOL 341 


radius that we have determined in the TW Hya 
disk. However, in the context of the Nice model 
this CO snow line radius is too large for the ice 
giants and suggests that their observed carbon 
enrichment has a different origin than the accre- 
tion of CO ice (30). A caveat is that HO ice can 
trap CO, although this process is unlikely to be 
efficient enough to explain the observations. In ei- 
ther case, the CO snow line locations in solar 
nebula analogs such as TW Hya offer independent 
constraints on the early history of the solar system. 
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A Quantum Many-Body Spin System 
in an Optical Lattice Clock 


M. J. Martin,”?*+ M. Bishof,”? M. D. Swallows,”+ X. Zhang,”"? C. Benko,*? J. von-Stecher, 78 


A. V. Gorshkov,? A. M. Rey,”’?+ Jun Ye?:?+ 


Strongly interacting quantum many-body systems arise in many areas of physics, but their 
complexity generally precludes exact solutions to their dynamics. We explored a strongly 
interacting two-level system formed by the clock states in °’Sr as a laboratory for the study of 
quantum many-body effects. Our collective spin measurements reveal signatures of the 
development of many-body correlations during the dynamical evolution. We derived a many-body 
Hamiltonian that describes the experimental observation of atomic spin coherence decay, 
density-dependent frequency shifts, severely distorted lineshapes, and correlated spin noise. These 
investigations open the door to further explorations of quantum many-body effects and 
entanglement through use of highly coherent and precisely controlled optical lattice clocks. 


trongly correlated quantum many-body 
systems have become a major focus of 
modern science. Researchers are using 
quantum-degenerate atomic gases (/—6), ultra- 


cold polar molecules (7-9), and ensembles of 
trapped ions (/0, //) to realize previously un- 
identified quantum phases of matter and simulate 
complex condensed matter systems. Another prom- 
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ising system is optical atomic clocks that use 
fermionic alkaline earth atoms. The most stable 
of these clocks now operate near the quantum 
noise limit (72), with an accuracy surpassing that 
of the cesium standard (/3). With atom-light co- 
herence times reaching several seconds, permitting 
optical spectral resolution well below 1 Hz (Fig. 1A), 
even very weak interactions (such as fractional en- 
ergy level shifts of order >1 x 101°) can dominate 
the dynamics of these systems, and the corre- 
sponding complex spectrum can be probed pre- 
cisely. Atomic interactions in optical lattice clocks 
were first studied in the context of density-dependent 
frequency shifts, which were attributed to s-wave 
collisions allowed by inhomogeneous excitation 
(14-17); p-wave interactions were assumed to 
be suppressed because of the ~1 uK sample tem- 
perature. More recently, in an optical clock based 
on '’'Yb atoms at ~10 wK, p-wave interactions 
were reported to lead to two-body losses and 
density shifts (/8, 79). At the same time, even at 
~1 uK inelastic p-wave losses were observed in 
the °’Sr system (20). The importance of many- 
body interactions in these clocks has been recog- 
nized theoretically (75-17), but measuring them 
experimentally has been challenging. 
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In this paper, we report the observation of 
quantum many-body effects in a high-density 
"Sr optical clock in a one-dimensional (1D) op- 
tical lattice. In a prior experiment (2/), a strong- 
ly interacting regime (in which atom-laser and 
atom-atom interactions are energetically compa- 
rable) was reached by tightly confining the atoms 
in a 2D optical lattice, at the expense of reduc- 
ing the occupancy to one or two atoms per site. 
In this work, we probed a strongly interacting sys- 
tem with an average of 20 atoms per disk-shaped 
1D-lattice site and developed a detailed under- 
standing of the complex many-body quantum dy- 
namics. The role of s-wave collisions is suppressed 
by operating in the strongly interacting regime 
with highly homogeneous atom-laser coupling, 
making p-wave interactions, which operate col- 
lectively, dominant. The experimental observation 
of such quantum magnetic behavior at micro- 
Kelvin temperatures is made possible because 
the motional degrees of freedom are effectively 
frozen during the clock interrogation. Only the in- 
ternal electronic degrees of freedom (pseudo-spin) 
are relevant, and these can be initialized in a 
pure state. 

We considered an optical lattice clock that uses 
the 'Sy — *Po (henceforth |g) — |e)) clock tran- 
sition in nuclear spin-polarized *’Sr. It comprises 
an array of quasi-2D trap sites loaded with atoms 
at micro-Kelvin temperatures. The tight lattice 
confinement along the longitudinal direction Z 
freezes the dynamics and the population distribu- 
tion across the trap sites. A single site populated 
with N atoms is modeled as a slightly anharmonic 
2D oscillator with radial (longitudinal) frequency 
Vr = 450 Hz (vz = 80 kHz). 

As shown in Fig. 1B, atoms within a given 
trap site can elastically interact with one another 
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through the p-wave channel. Because all trap fre- 
quencies are much greater than the characteristic 
p-wave interaction energy, the motional degrees 
of freedom are effectively frozen, and interac- 
tions thus manifest themselves in the electronic 
|Z) < |e) degrees of freedom that define our spin 
system (22). Fermi statistics guarantee that no two 
atoms within a given trap site occupy the same 
motional state. We initialized our nuclear spin— 
polarized gas with all atoms in the ground state 
|g), and this initial state can be expressed as a 
collective spin state with S = N/2, where S(S + 1) 
is the eigenvalue of the observable 


S +S and §*=9" = ae s, are the collective spin 


operators. In the presence of the interatomic 
interactions and homogenous laser excitation, 
the collective nature of the system is maintained 
via two mechanisms. The first is the presence 
of a protective energy gap between collective spin 
manifolds (Fig. 1C), which prevents transitions 
away from the S = N/2 manifold (22). The second 
is the relatively small spread in mode-dependent 
interaction parameters with respect to the gap. 
Using the collective spin operators, we can thus 
describe the spin dynamics with the following 
Hamiltonian: 


QS + x (87)? + C(N - 1)874 
(1) 


where 6 is the laser detuning from atomic reso- 
nance, Q is the Rabi frequency of the driving laser, 
% = Veg + Veo — WeogV2, and C= (Veo — VogW2. Vers 
Vee, and V,. represent p-wave interaction parame- 
ters between the three possible electronic sym- 
metric states, |gg), |ee), and J; (|ge) + |eg)) Fig. 
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Fig. 1. Diagram of the interacting many-body system. (A) Spectroscopy 
of the ®’Sr clock transition in a 1D optical lattice, showing 500-mHz spectral 
resolution. The density is more than an order of magnitude lower than the 
typical operating condition. (B) Several hundred sites of the 1D vertical optical 
lattice are substantially occupied during the experiment. The average lattice 
occupancy is 20 atoms for the peak total atom number. Interactions between 
atoms are parametrized by the spin-dependent interaction parameters, 
Vyg © big (blue), Veg °° bay (green), and Vee °¢ bz. (pink), with b* being the 
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p-wave scattering volumes (22). (C) The many-body Hamiltonian has eigenstates 
comprising maximally symmetric superpositions (Dicke states, for which S = M2) 
of electronic ground and excited states (purple shells). Slight inhomogeneities 
in the coupling strengths allow the maximally symmetric manifold to be cou- 
pled to the next lowest manifold with S = M/2 — 1 (nested blue shell), but this 
coupling is prevented by an energy gap resulting from the J*S - S term in the 
Hamiltonian. Two-body inelastic losses connect maximally symmetric mani- 
folds of S > S — 1 and thus are not a strong decoherence mechanism. 
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Fig. 2. Density shift in Ramsey spectroscopy fit with the full many-body solution. Because of the 
perturbative nature of this measurement, the mean-field approximation (dashed line) to the many-body 
theory agrees well with the data. The exact many-body solution in the absence of losses (solid curve) 


agrees best with the data only for lower values of total average spin Ss 


)/NMtot because of the 


ot 


nonlinear ($7)? term in the Hamiltonian. The zero crossing occurs at an average excitation fraction, given by 
(Stot/Mtot + 1/2, of p* = 0.64(1). From the zero crossing and the measured slope, we extract x and C. 


vz = 80 kHz; ve = 450Hz; Nit = 4000 


Vz = 65kHZ; va = 370HZ; Nir = 4000 


1B). J~ is responsible for the energy gap (22). We 
find that the weak modification of the motional 
degrees of freedom by interactions can be ac- 
counted for as a term of order (S7)*. Equation 
1 links the spin dynamics of interacting thermal 
fermions at micro-Kelvin temperatures to those 
of two-mode Bose-Einstein condensates 
(BECs), and it has been shown both theoret- 
ically (23, 24) and experimentally (25-27) to 
give rise to nontrivial many-body correlations and 
quantum noise—-squeezed states. The validity of 
the collective model has been tested against the 
full multimode model with good agreement (22). 

In the presence of excited-state inelastic loss, 
which has been observed in 8’Sr (20), our Sys- 
tem becomes a many-body open quantum sys- 
tem. To capture the full many-body dynamics 
observed in the experiment, we solved a master 
equation in the presence of a two-body decay 
that is largely independent of the thermal oc- 
cupation. The mode-independent losses preserved 
the collective nature of the system to leading order 
(Fig. 1C) and allowed us to solve the master 
equation efficiently for up to 50 atoms (22). 

To determine the interaction parameters that 
characterize our spin Hamiltonian, Eq. 1, we mea- 
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Fig. 3. Ramsey fringe contrast decay for varying initial pulse areas and 
experimental conditions. The pulse area values for the data and corresponding 
theory are given in the legends of the plots. Error bars represent the statistical 
error of each contrast measurement and thus do not account for systematic drifts 
that occur over the course of the experiment. The solid lines (top) are the many- 
body calculations, whereas the dashed lines (bottom) are using the mean-field 
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approximation of the theory. The many-body model and the mean-field ap- 
proximation agree in the limit of small initial pulse area (Bloch vector polar 
angle) but disagree for pulse areas >x/2. This is an important confirmation of 
the dominance of many-body effects in this parameter regime. (A and B) vz = 
80 kHz, vg = 450 Hz, and N;o¢ = 4000; (C and D) vz = 65 kHz, vp = 370 Hz, 
and No = 4000; and (E and F) vz = 80 kHz, vp = 450 Hz, and W,.¢ = 1000. 
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sured the density-dependent frequency shift of the 
clock transition using a modified Ramsey spec- 
troscopy sequence. The initial pulse area 0; = Q7p, 
chosen so that 0 < 0; <2, controls the initial value 
of ($2). Here, Sz. is the sum of S? over the hundred 
relevant sites, so that —Ntot/2 < (82) < Met /2, 
where JN,., is the total number of atoms loaded 
into the lattice. In the presence of two-body losses, 
(S%,) is not constant; thus, we used its time av- 
erage, ($7, , to compare with theory. We extracted 
(Sz) from independent measurements periodi- 
cally inserted into the clock sequence. The du- 
ration of the dark time, Tgar,, was fixed at 80 ms, 
and the final pulse area was set to 1/2. We mea- 
sured the shift by modulating the density by a 
factor of ~2 (Fig. 2). 


A 


Simple mean-field analysis of Eq. 1 (neglecting 
cubic terms and losses), in which the time-dependent 
operators are replaced by their expectation values, 
reveals that the average interaction experienced 
by a single atom behaves as an effective mag- 
netic field along Z, B(N) = NC + 2x(S*), where 
(S7) = —(N/2)cos 0;. The mean-field density- 
dependent frequency shift Av(V) = B(NV)/(2n) 
scales linearly with the excitation fraction and 
agrees with experimental observations (Fig. 2). 
Additionally, we fit an exact solution of Eq. 1 to 
the data. Both fits are shown in Fig. 2. To com- 
pare with the experiment, we always performed an 
average over the atom number distribution across 
the lattice sites. From this measurement, we ex- 
tracted y = 2 m x 0.20(4) Hz and C = —0.3x. 
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Fig. 4. Spin noise versus quadrature. (A) An initial pulse prepares a coherent state along y, which 
then evolves for tga/2. An echo pulse then rotates the many-body state 180° about —x. After an additional 
evolution time of tga,,/2, a final pulse rotates the state about —y, and the spin noise is measured. 
The m-pulse has duration t,,. The many-body state depicted here represents the spin evolution of a 20-atom 
ensemble in a single trap site, with tga, = 40 ms. To remove spurious effects due to slow drifts in atom 
number, the data are processed as detailed in (22) in order to remove the potential bias. For (B to G), the 
dashed line is the pure laser noise extracted from a fit to the data. The solid line is the laser noise plus the 
full many-body prediction of the spin noise. This full theory is simultaneously fit to both the low— and high— 
atom-number curves so as to extract the laser noise for a given dark time. Vertical arrows indicate sig- 
nificantly phase-shifted minima in the experimentally measured spin noise, which is consistent with the 
predictions of the many-body theory. -pulse times and ty,,, values are indicated at left, and total atom 


number is indicated at bottom. 
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As a further step, we directly measured the 
spectrum of the many-body Hamiltonian with 
subherz spectral resolution and as a function 
of the drive strength, parameterized by the Rabi 
frequency Q. We found that for Q >> N x, the 
lineshapes are perturbatively shifted. However, 
for Qs Ny, the lineshapes become significantly 
distorted, and the onset of an interaction block- 
ade mechanism is observed, reflecting the domi- 
nant effect of strong interactions on the many-body 
spectrum. The observed Rabi lineshapes can be 
fully reproduced with the mean-field treatment 
by using the interaction parameters extracted from 
the density shift measurements. In this case, a 
full many-body treatment of the master equation 
agrees with the mean-field predictions. 

To explore the development of many-body 
correlations during the full many-body dynam- 
ical evolution, we measured the Ramsey fringe 
contrast, which can undergo a periodic series of 
collapses and revivals, reflecting the quantized 
structure of the many-body spectrum. The results 
require a beyond—mean-field treatment. The mean- 
field model at the single-site level (with fixed V) 
predicts no decay of the Ramsey fringe contrast 
because when correlations are neglected, the in- 
teractions lead only to a pure precession of the 
collective Bloch vector (22). By taking the aver- 
age over atom distributions among lattice sites 
and properly treating two-body loss during the 
Ramsey dark time, the mean-field model does 
show a decay of the contrast. However, this decay 
is associated mainly with dephasing arising from 
different precession rates exhibited by sites with 
different NV. 

For the Ramsey sequence designed to mea- 
sure the fringe contrast effects, the pulse dura- 
tions are <6 ms, satisfying Q >> N x, to suppress 
interaction effects during the pulses. We applied 
the final 7/2 readout pulse with a variable relative 
optical phase of 0° to 360° and recorded the 
fraction of excited atoms as a function of the read- 
out phase. The contrast of the resulting fringe was 
extracted in a manner that was insensitive to the 
frequency noise of the ultrastable clock laser (22). 

We explored three distinct experimental con- 
ditions in order to rule out single-particle de- 
coherence mechanisms and thoroughly test the 
model. The first condition represents the typical 
operating parameters of the lattice clock, with 
Nrot = 4 X 10° and vz = 80 kHz. In the second 
case, we reduced the lattice intensity so that vz = 
65 kHz, which results in a reduction of the den- 
sity by a factor of ~1.8. Last, we maintained 
vz = 80 kHz but reduced the atom number to 
Not = 1 x 10°. Under all conditions, the full 
many-body density matrix model reproduces 
the experimental observations well (Fig. 3, A, 
C, and E). The inclusion of the ($7)3 correction 
improves the theory-experiment agreement, 
especially for pulse areas 0, > 2/2 and for the 
high-density conditions (22). We also observed 
a striking breakdown of the mean-field model 
for 8; 2 1/2, where many-body corrections are 
dominant (Fig. 3, B, D, and F). 


9 AUGUST 2013 


635 


Downloaded from www.sciencemag.org on August 8, 2013 


REPORTS 


636 


The frequency shift, lineshape, and Ramsey 
fringe contrast are quantities that all depend on the 
first-order expectation values of the spin operators 
(S*2), We next turned our attention to the dis- 
tribution of quantum noise, which depends on the 
second-order moments of the spin operators, such 
as ($*)?) — (8) and (88? + 528°) — (88). 
Given that the form of the Hamiltonian in Eq. 1 is 
known to produce squeezed and entangled states 
(23), the distribution of the spin noise becomes 
a compelling measurement to probe many-body 
correlations beyond the mean field. 

To minimize single-particle dephasing ef- 
fects (for example, arising from the distribution 
of site occupancies), we added a spin-echo pulse 
to the Ramsey sequence. As a result, the sensi- 
tivity to low-frequency laser noise was reduced 
at the expense of increased sensitivity to high- 
frequency laser noise. With atoms initialized in 
|g), we followed the pulse sequence (Fig. 4) so 
as to manipulate and measure the spin noise of 
the many-body state. For each value of the final 
rotation angle, representing a specific quadrature 
in which we measured the spin noise, we re- 
peatedly recorded (S2,) /Niot Via Measurements 
of the final atomic excitation fraction after the 
Ramsey sequence. From the data, we determined 
o = (Six))/ Nee ~ (Six)? /Nex by analyzing 
the pair variance for successive measurement of 
(S2,) /Net. The quantum limit of o* is important 
for defining the ultimate stability of lattice clocks 
(72). For an ideal coherent spin state of the entire 
ensemble, the standard quantum limit (SQL) of 
o° is given by oy = p(1 — p)/N, where p is the 
probability of finding an atom in the excited state 
and can be estimated as p = (87)/Mtot + 1/2. 

We performed measurements for different io 
and Tga——the total atom number and Ramsey free 
evolution time, respectively—in order to probe 
the time evolution of the spin noise distribution. 
Long z pulses were used to reduce the sensitiv- 
ity to spurious high-frequency components of 
laser noise. For Nj, = 1 x 10°, the quantum noise 
contribution to the spin noise is comparable with 
that of the laser noise (Fig. 4); however, with 
Net = 4 X 10° the laser noise is responsible for a 
larger fraction of the noise in repeated measure- 
ments of ($7). 

There are qualitative differences between the 
low— and high—atom-number cases; for exam- 
ple, for Mor = 4 * 10° with tua = 20 and 40 ms 
we observed a phase shift for the minimum of 
the spin noise. To compare the predictions of the 
full many-body master equation with the exper- 
iment, we added the effect of laser noise in quad- 
rature with the calculated spin quantum noise. In 
the absence of laser noise, the theory predicts a 
small degree of sub-SQL squeezing. This effect 
is masked by laser noise in both the theoretical 
prediction for the total spin noise and in our 
experimental observations but gives rise to a 
shift of the spin noise minimum with respect to 
measurement quadrature. We additionally treated 
the effects of interactions during the laser pulses. 
The theory predicts the direction and magnitude 
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of the phase shift of the noise minimum in agree- 
ment with the experimental observations (Fig. 4), 
in addition to significantly enhanced spin noise 
for rotations near +90°. Despite the presence of 
laser noise, the measurements of the total spin 
noise are consistent with the many-body spin 
model. 

Although the investigation described here is 
restricted to nuclear-spin—polarized gases, explo- 
ration of similar many-body effects in a clock 
making use of additional nuclear spin degrees of 
freedom with SU(V) symmetry may allow inves- 
tigation of unconventional frustrated quantum 
magnetism (25-30). 
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Writing and Deleting Single 
Magnetic Skyrmions 


Niklas Romming, Christian Hanneken, Matthias Menzel, Jessica E. Bickel,* Boris Wolter, 
Kirsten von Bergmann, André Kubetzka,t Roland Wiesendanger 


Topologically nontrivial spin textures have recently been investigated for spintronic applications. 
Here, we report on an ultrathin magnetic film in which individual skyrmions can be written and 
deleted in a controlled fashion with local spin-polarized currents from a scanning tunneling 
microscope. An external magnetic field is used to tune the energy landscape, and the temperature 
is adjusted to prevent thermally activated switching between topologically distinct states. 
Switching rate and direction can then be controlled by the parameters used for current injection. 
The creation and annihilation of individual magnetic skyrmions demonstrates the potential for 
topological charge in future information-storage concepts. 


agnetic skyrmions (/) are topologically 
Mie particle-like spin configurations 

that carry a characteristic topological 
charge S, which is essentially a measure of the 
magnetization curvature. For a surface area A, 

. 0} fa} 

S is defined as S = and n- (2 x a) dxdy, where 
n is the normalized magnetization vector and 
x and y are the spatial coordinates. A single 


skyrmion carries a quantized charge of S = +1; 
for an antiskyrmion, the charge is S = —1. In 
contrast, a spin spiral and the ferromagnetic (FM) 
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state are topologically trivial with S = 0. 
Transitions between such topologically distinct 
states are forbidden within a continuous descrip- 
tion of n, but in a real system with magnetic 
moments on an atomic lattice, strict topological 
protection does not exist. Instead, the states are 
separated by a finite energy barrier. Magnetic 
skyrmions typically arrange in two-dimensional 
(2D) lattices (2-4). An important prerequisite for 
their formation is broken inversion symmetry, 
which is fulfilled not only for samples with chiral 
crystal structure (4-9), but also for magnetic film 
systems, in which the top and bottom interfaces 
are different (/0-/2). In recent years, magnetic 
skyrmions have been observed in a number of 
systems with broken crystal inversion symmetry 
ranging from metallic and semiconducting (4—7) 
to insulating (8, 9). Each of these systems dis- 
plays a spin spiral phase in zero field (Fig. 1A), 
resulting from a competition of magnetic ex- 
change and Dzyaloshinskii-Mortya interaction, 
and can be driven into a hexagonal skyrmion lat- 
tice phase (Fig. 1B) by the application of an ex- 
ternal magnetic field B. In contrast to the spin 
spiral state, which is magnetically compensated, 
the hexagonal skyrmion lattice exhibits a net mag- 
netization and is, therefore, favored by the Zeeman 
energy. By further increasing the magnetic field, 
the parallel alignment of the magnetic moments 
becomes energetically more and more favorable, 
until the skyrmion phase is eventually saturated 
to the FM phase (Fig. 1C) (5). Both of these phase 
transitions are accompanied by a change of topo- 
logical charge. In thin films, the skyrmion lattice 


™ 


Skyrmion phase 


phase space increases as the thickness of the 
sample is decreased (7). In such 2D systems, the 
diameter of the skyrmions can exceed the film 
thickness (5, 7), which may be favorable for con- 
trolled skyrmion manipulation by surface tech- 
niques. At the ultimate limit, a single atomic layer 
of Fe on Ir(111) exhibits a skyrmion lattice, even 
in the absence of an external field. This skyrmion 
lattice has square symmetry and a period of only 
1 nm (12); however, driving it into a different 
topological state has been challenging. 

The manipulation of skyrmion lattices may 
require substantially smaller current densities com- 
pared with the manipulation of domain walls in 
conventional ferromagnetic systems, which makes 
skyrmions a promising candidate for spintronic 
applications (/3—/8). However, even though sin- 
gle skyrmions were observed experimentally (5), 
and the creation of skyrmions by radial currents 
was studied theoretically (/9), the manipula- 
tion or creation of individual skyrmions has 
presented difficulties. To design an ultrathin film 
system exhibiting skyrmions that can be manip- 
ulated with a local probe, we cover the Fe layer 
on Ir(111) with an additional atomic layer of 
Pd (20). We thereby modify the top interface 
and, thus, the magnetic interactions within the 
film. As Pd is known to be easily polarized by 
adjacent magnetic moments (2/), we expect the 
resulting PdFe bilayer to behave as a single mag- 
netic entity. 

Figure | shows the magnetic field dependence 
of the PdFe bilayer on Ir(111) at a temperature 7 
of 8 K. In zero field (Fig. 1D), the spin-polarized 
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Fig. 1. Magnetic field dependence of the PdFe bilayer on the Ir(111) surface at T= 8 K. (A to C) 
Perspective sketches of the magnetic phases. (D) Overview SP-STM image, perspective view of 
constant-current image colorized with its derivative. (E to G) PdFe bilayer at different magnetic fields 
(U = +50 mV, / = 0.2 nA, magnetically out-of-plane sensitive tip). (E) Coexistence of spin spiral and 
skyrmion phase. (F) Pure skyrmion phase. (G) Ferromagnetic phase. A remaining skyrmion is marked 


by the white circle. 
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scanning tunneling microscopy (SP-STM) image 
(20) reveals a spin spiral ground state with a pe- 
riod of 6 to 7 nm. When the magnetic field is 
increased to B = +1 T (Fig. 1E), skyrmions can 
be observed coexisting with remaining areas of 
spiral ordering. Even higher values of B lead to 
a pure hexagonal skyrmion lattice (Fig. 1F) and, 
eventually, to saturation of the film to a FM phase 
(Fig. 1G); here only a few single skyrmions, pinned 
at atomic defects, remain at B = +2 T. This field- 
dependent behavior is similar to previously studied 
systems (5), and the transitions are reversible at 
T=8 K: Removing the field leads to qualitatively 
the same magnetic structure as in Fig. 1D, with 
small variations in the details of the spiral posi- 
tion and direction. 

Figure 2A depicts a comparable sample at 
B= +1 T, this time measured at 7 = 4.2 K. 
Whereas the trend of skyrmion formation at the 
cost of the spiral phase is similar, fewer skyrmions 
are observed compared with the measurement at 
T=8 K (see Fig. 1E). This may be partly due to a 
small shift with temperature of the critical mag- 
netic field needed for the phase transition (4, 5, 7) 
or to small differences in the local environment. 
However, the main reason is reduced thermal en- 
ergy, which prevents the system from reaching 
energetically lower states. A change of B at T= 
4.2 K may not necessarily lead to the lowest- 
energy state; instead, a metastable state may be 
preserved. We demonstrated a transition from a 
metastable to a lower-energy state by depositing 
energy into the system by tunneling with higher- 
energy electrons: After scanning the surface area 
at an increased bias voltage of U = +1 V, the 
spin spiral has locally transformed into skyrmions 
(Fig. 2B). A higher degree of control can be 
achieved by injecting higher-energy electrons lo- 
cally, as in Fig. 2, C and D, where skyrmions are 
imprinted into the ferromagnetic phase; by volt- 
age sweeps with the STM tip held stationary, 
skyrmions can be created one by one below the 
tip or in close vicinity (Fig. 2E). Apparently, atomic 
defects act as preferred nucleation and pinning 
sites (see also fig. S2). In such a writing process, 
a topological charge S is created. The field- 
dependent potential can be sketched as in Fig. 
2F, where Bo is the field at which the two states 
are energetically degenerate. For B < Bo, the 
energetically lower state is the skyrmion (S = 
1); for B > Bo, it is the FM state (S = 0). When 
we start from the FM state and lower the 
external field to B < Bo (as in Fig. 2C), the 
system can be transferred to the skyrmion state 
only if the remaining energy barrier is over- 
come, either by thermal fluctuations or if en- 
ergy is supplied by other means (e.g., by the 
tunneling electrons). 

For magnetic field values close to Bo, 
skyrmions can be created and annihilated re- 
versibly. In this way, topological charge can be 
used to store information, as demonstrated in 
Fig. 3: By locally injecting electrons, we can gen- 
erate any desired skyrmion configuration for the 
four pinning sites within the area. In the series of 
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difference SP-STM images in Fig.3, Bto E,the then created in a different sequence until the start- images by local voltage sweeps. This series dem- 
skyrmions are annihilated one by one until no __ ing configuration is reached again (Fig. 3, G to J). onstrates that the skyrmions can be addressed 
skyrmion is present (in Fig. 3F); skyrmions are The writing and deleting was done between the _ individually and independently, even in close prox- 


Fig. 2. Manipulation of 
the magnetic states of the 
PdFe bilayer at T = 4.2 K. 
(A and B) SP-STM images 
at B= +1T (U= +100 mV, 
/=0.5 nA, magnetically in- 
plane sensitive tip). Whereas 
(A) shows the sample in its 
initial magnetic state after 
sweeping the field up from 
B=O0Tto +1T, in (B) the 
spin spiral has locally trans- 
formed into skyrmions after 
supplying energy by a higher- 
voltage STM scan with U = 
+1 V, / = 0.5 nA. (C) SP- 
STM image of the initial 
state at B = +1.8 T after 
sweeping the magnetic 
field down from +3 T. Four 
skyrmions are marked by 
circles (U = +100 mV, / = 
1 nA, magnetically out-of- 
plane sensitive tip). (D) Suc- 
cessive population of the 
island with skyrmions by in- 
jecting higher-energy elec- 
trons through local voltage 
sweeps (20) (fig. 52). (E) 
Concept of skyrmion manip- 
ulation with local currents 
from an STM tip. (F) Sketch 
of the field-dependent po- 
tential for a skyrmion (Sk; 
S = 1) and the FM state 
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(S = 0). Bo is the field where the two states are energetically degenerate. 


Fig. 3. Creation and 
annihilation of single 
skyrmions. (A) Constant- 
current image of a sam- 
ple region with four defects 
(see box in Fig. 2A), each 
hosting a skyrmion marked 
by a circle containing 
~270 surface atoms (U = 
+250 mV, /=1nA, B= 
+3.25 T, T = 4.2 K, mag- 
netically in-plane sensi- 
tive tip). (B to E) Sequence 
of difference SP-STM im- 
ages [with respect to (F)] 
showing the selective eras- 
ing of all four skyrmions 
using local voltage sweeps 
(feedback loop switched 
off while bias voltage was 
increased to +750 mV). 
(F) The sample area with- 
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imity to one another. 

Whereas controlled skyrmion creation and 
annihilation is demonstrated, the intermediate 
magnetization states during the switching process 
cannot be imaged directly because of the limited 
time resolution in our experiment. We consider 
the following mechanisms that may contribute to 
switching (22, 23): (i) thermal noise, (ii) a local 
temperature increase caused by the injected pow- 
er (Joule heating), (iii) nonthermal excitations 
from the injected electrons, and (iv) spin-transfer 
torque (STT). The latter depends on the spin- 
polarization of the tunnel current and its direction. 
To discriminate between these different contribu- 
tions, we performed measurements as a function of 
bias voltage U, tunnel current /, and applied mag- 
netic field B (23, 24): With the tip held stationary 
above atomic pinning sites, we recorded the time 
evolution of the system (20). The observed mag- 
netic telegraph noise (see insets in Fig. 4) oc- 
curs because of repetitive switching between a 
skyrmion (S$ = 1) and the FM state (S$ = 0). From 
each measurement, typically consisting of 1000 
switching events, the switching rate f and the 
probability to observe a skyrmion P can be ex- 
tracted (22). We find that the switching process 
is very sensitive to the energy of the tunneling 
electrons eU (where e is the elementary charge) 
(Fig. 4A): At U = 300 mV, switching occurs, on 
average, once every 15 s at /= 300 nA. Toward 
lower bias voltages, switching becomes increasing- 
ly rare, which facilitates nonperturbing imaging. 
For higher voltages, the rate increases rapidly, 
allowing efficient skyrmion manipulation. In con- 
trast, the current dependence at fixed bias voltage 
(Fig. 4B) is much weaker. The switching rate de- 
pends linearly on / within the investigated current 
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out skyrmions (constant-current image) and (G to J) their successive rewriting (difference images). (K) Schematic spin configuration with distances twice the atomic lattice, 
superimposed on the experimental data: The asymmetric appearance of the skyrmions results from a canted SP-STM tip magnetization in this experiment. 
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Fig. 4. Voltage, current, and magnetic field characteristics of skyrmion a Skyrmionic state dominant 


creation and annihilation at T = 4.2 K. All data points are derived from 
magnetic telegraph noise (20), measured on top of atomic pinning sites with 
magnetically out-of-plane sensitive SP-STM tips. (A) Measured switching rates 
f depend sensitively on U (/ = 300 nA, B = 2.7 T). (B) Switching rate increases 
linearly with tunnel current / (U = 650 mV, B = 2.9 T). (C) Skyrmion prob- 
ability decreases with increasing B field. About 100 mT are needed to com- 
pensate for different current directions at U = +600 and —600 mV (data points 
and fitted hyperbolic tangent functions, / = 100 nA). Norm., normalized; error 


bars, SD. 


range, which means that, on average, the number 
of electrons needed for switching, //( fe), is con- 
stant, independent of /. We found that, in the limit 
of low bias and low current, the switching rate 
approaches zero, which shows that thermally 
activated switching (i) does not play a role at 
T= 4.2 K. The injected power JU is also not a 
decisive quantity for the switching process. At 
constant power, the switching rates still depend 
critically on U. Thus, local thermal heating (ii) 
can be ruled out as a driving mechanism. Instead, 
the energy of the injected electrons |eU| (iti) ap- 
pears to be the dominant factor determining the 
switching rate. Figure 4C shows the magnetic 
field—dependent skyrmion probability P for the 
two current directions, while |eU| and |/| are fixed. 
As expected, P decreases with increasing B (Fig. 
2F). More importantly, the data points show a 
uniform shift of AB ~ 100 mT upon current re- 
versal. Because all other parameters are fixed, 
this indicates that AB results from a difference 
of the STT (iv) at the chosen bias voltages (23). 
Along with the external field B, the STT is, thus, 
a means to control the directionality of the switch- 
ing. Whereas the switching trajectory within the 
energy landscape and the coupling of the spin- 
polarized tunnel current to the magnetic states re- 


www.sciencemag.org SCIENCE VOL 341 


Skyrmion probability P (%) 


main to be identified for the optimization of the 
switching process, our work demonstrates the 
feasibility of using spin-polarized tunnel cur- 
rents for the controlled manipulation of individ- 


ual skyrmions. 
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A Semi-Floating Gate Transistor for 
Low-Voltage Ultrafast Memory 
and Sensing Operation 


Peng-Fei Wang,’*t Xi Lin,” Lei Liu,” Qing-Qing Sun,’* Peng Zhou, Xiao-Yong Liu,* Wei Liu,” 
Yi Gong,” David Wei Zhang** 


As the semiconductor devices of integrated circuits approach the physical limitations of scaling, 
alternative transistor and memory designs are needed to achieve improvements in speed, density, 
and power consumption. We report on a transistor that uses an embedded tunneling field-effect 
transistor for charging and discharging the semi-floating gate. This transistor operates at low 
voltages (<2.0 volts), with a large threshold voltage window of 3.1 volts, and can achieve 
ultra—high-speed writing operations (on time scales of ~1 nanosecond). A linear dependence of 
drain current on light intensity was observed when the transistor was exposed to light, so possible 
applications include image sensing with high density and performance. 


etal-oxide semiconductor field-effect 
transistors (MOSFETs) and floating-gate 
(FG) MOSFETs are the two main semi- 


conductor devices used in high-speed computing. 
The dimensions of MOSFETs are approaching 
their physical limitations for acceptable perform- 


Source, n+ doped 


symbolic representation 
Control gate (CG) 


Embedded 


Semi-floating 


gate (SFG) ee 


Source (S) 


E 
—— Simulation 
—4— Experimental a 
> 
State "1" ve 
> 
io) 
o 0 
c 
Ww 
c -1 
g 
ea |e 
i Region 1: 
3 p+ doped 
Semi-FG 
-4: 
-2 -1 0 1 2 0 0.2 0.4 


Control gate voltage / V 


Fig. 1. Device structure and the working principle of the SFG transistor. 
(A) Schematic view of an SFG memory cell. A pn junction diode between the FG 
and D makes the FG semi-floating. The device’s symbolic representation is also 
shown. (B) Cross-sectional view of the fabricated device. The CG is extended over 
the pn diode. A TFET is formed and connects the semi-FG to the D. (C) Simulated 
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ance, and the scaling along Moore’s law is slowing 
down (/—3). Further improvements of transistors 
and memory cells such as static random access 
memory (SRAM) and dynamic random access 
memory (DRAM) (4) are needed to continue to 
improve device performance. Tunneling field- 
effect transistors (TFETs) that have a gate over 
the tunneling junction have been intensively in- 
vestigated for application in low-power logic cir- 
cuits (5-8). Although Si-based TFETs have very 
limited drive currents, they have excellent sub- 
threshold swing and off-leakage current, which is 
very attractive for ultra-low-power logic applica- 
tions (9). Here we report on the fabrication of a 
semi-floating gate (SFG) transistor with an em- 
bedded TFET. The gate-controlled band-to-band 
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and measured transfer characteristics for states 1 and 0. A large V;, window of 
3.1 V between 1 and 0 is realized with low operation voltages. (D) Contour of 
BIBT generation rate during the writing-1 operation. (E) Band diagrams (red and blue 
lines) and BTBT generation rate (green line) along the cutline aa’ shown in Fig. 1D. 
The tunneling generation rate is highest where the band bending is strongest. 
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tunneling effect of the TFET enables high-speed 
writing operation (1.3 ns) of the SFG with low 
operating voltages (2.0 V). The operation voltage 
is much lower than that of FG-MOSFETs, and 
the operation speed is comparable to that of six- 
transistor SRAM (6T-SRAM). 

The SFG transistor has a pn junction diode 
between the FG and drain (D), which makes the 
FG semi-floating (Fig. 1A). The fabricated tran- 
sistor consists of a D region, a source region, a 
control gate (CG), and a semi-FG (Fig. 1B). A 
diode is formed between the p’ floating gate and 
the n’-doped D. The CG is extended over the pn 
diode. A TFET is formed and connects SFG to 
the D. 


Fig. 2. Demonstration of the memory func- 
tions of the SFG transistors. The operation se- 
quence is writing-0, reading, writing-1, and then 
reading. (A and B) Measured voltages and D current 
with 1.3-ns writing-1 and writing-0 operations. The 
target pulse width is 0.6 ns. The actual peak width 
at half height is increased to 1.3 ns when the rising 
and falling edges are included (fig. S5A). 


Fig. 3. Impact of p-type TFET (P-TFET) on the device writing and reading 
operations. (A) Measured reading-1 current of transistors written with various Vp 
and Vg. The writing-1 duration is as long as 50 ms, so that some of the tran- 
sistors have reached the self-limiting status of logic 1 (Fig. 1C). With small Veg, the 
writing-1 operation becomes very slow even with Vp of 2 V. (B) Output charac- 
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The measured and simulated D current to 
CG voltage (/p-Vcg) curves are shown in Fig. 1C. 
The threshold voltage (Vi,) of a single device 
was —1.6 V for logic state “1” and 1.5 V for logic 
state “0” when Vcg was swept from —2 V to 2 V 
and back to —2 V, respectively. A change in thresh- 
old voltage (6V,,) of about 3.1 V was observed. 
The simulated behavior fits well with the experi- 
mental results using the simulation structure giv- 
en in fig. S3 (/0). 

The V4, of a SFG transistor was controlled 
by regulating the amount of charge stored in- 
side the SFG. During the writing-1 operation, 
the device was biased, with a positive Vp and 
a negative Vg (1.e., Vp = 2 Vand Veg =-2 V 
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teristics of a typical P-TFET. 


Vp (ie., point e with Vp = 0. 
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at point A of Fig. 1C). Because of the negative 
Veg of —2 V, the n-doped D extension region 
under the gate of the TFET was inverted to a p* 
channel. Tunneling occurred at the p* channel/n* 
D tunneling junction, as depicted in the band- 
to-band generation rate contour of Fig. 1D. 
According to Kane’s model, the band-to-band tun- 
neling generation rate (Ggrgr) 1s expressed as 
BE 


zB 
Gprpr = Apter x x exp(—Bgrpr x >), where 


iE 
2 


g 
Aprer and Bgrpr are constants, E, is the band- 
gap energy, and E is the magnitude of the elec- 
tric field (//). The corresponding energy band 
diagrams and Ggrgr along the cutline aa’ during 
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the writing-1 operation are displayed in Fig. 1D. 
A peak of tunneling generation rate can be seen 
where the band bending is the strongest. Because 
the D was biased with 2 V, electrons tunneled 
from the valance band of the p* channel to the 
conduction band of the n* D region, and current 
flowed from D to SFG (fig. S3A). The current 
through TFET will raise the FG potential Veg 
by 5Vgg. The energy bands in the SFG region 
moved accordingly in Fig. 1E. Because of the 
capacitive coupling effect, 5Vrq caused a change 
in Vin. 

During the writing-0 operation, Vag increased 
and the pn junction between the SFG and n-doped D 
extension was forward-biased. The current flow- 
ing from the SFG to the n-doped D extension 
discharged the SFG capacitor (fig. S3B). After 
the discharging process, 0 was written and the 
threshold voltage increased. 

The memory function of the SFG transistor 
was investigated by applying two channel voltage- 
pulse signals on CG and D, respectively. A 0 
could be written into the transistor with Vp of 
—1 Vand Veg of 2 V for 3 ms [fig. S6A (/0)]. 
During the subsequent reading operation, a 
very small D current of 30 nA was measured 
with Vp =2 Vand Veg =2 Vand indicated that 
logic 0 was written into this cell. After a writing-1 
operation at Vp = 2 Vand Veg = —2 V for 3 ms, 
the threshold voltage was lowered and a large 
D current of about 2 uA was measured with Vp = 
2 Vand Veg = 2 V. As a gain cell, the read op- 
eration was nondestructive. The wafer map of 
the reading-1 D current of 40 test devices showed 


Fig. 4. Device structure and measurements of 
the SFG transistor—based single-transistor im- 
age sensor. (A) Schematic view of a SFG image 
sensor. A photodiode is used to charge and dis- 
charge the semi-FG. (B) Measured current-voltage 
(I-V) characteristics of the SFG transistor under ex- 
posure to different light intensities. V,, decreases 
with the increasing light intensity. (C) Transient op- 
eration sequence and readout current of the SFG 
image sensor. Because of the tiny photocurrent, the 
exposure time is increased to 20 ms. The speed is 
much slower than the nanosecond-level writing-1 
operation when using P-TFET for charging the semi-FG. 
(D) Dependence of readout D current on the light 
intensity. High linear dependence of the readout 
current on the intensity of light exposure is observed. 
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that high uniformity was observed on these tran- 
sistors across the whole wafer. 

High-speed memory properties were eval- 
uated by reducing the pulses to nanosecond 
durations. As displayed in fig. SSA, the measured 
pulses for the writing-1 and writing-0 operations 
were with the peak width at half height (PWHH) 
of 1.3 ns. The measured voltage pulse signals for 
the writing-1 and writing-0 operations and the 
readout current signals are shown in Fig. 2, A 
and B. After the 1.3-ns writing-1 operation, a D 
current signal of about 2 uA was measured, in- 
dicating that 1 was successfully written and read 
out (Fig. 2A). The readout D current was much 
lower than that of the 1 cell (34 nA) after the 
1.3-ns writing-0 operation (Fig. 2B). 

The high-speed and low-voltage operation 
capabilities of the SFG are the result of intro- 
ducing an embedded tunneling transistor instead 
of the tunneling oxide layer of flash memory in 
a conventional FG-MOSFET structure. In Fig. 3A, 
the dependence of reading-1 current on the Vp 
and Vcq of the writing-1 operation is displayed. 
With a 50-ms writing time, logic 1 could not be 
written by increasing Vp to 2.0 V and keeping 
Veg at 0 V. However, 1 was successfully written 
with alow Vp of 0.1 Vand a Veg of -2.0 V. These 
results indicate that Vcg plays a dominating role 
during the writing-1 operation. As shown in Fig. 
1D, the BTBT effect is turned on by applying the 
negative Vog, and the embedded TFET works 
as a p-type TFET (P-TFET) (/2). When Veg 
equaled 0 V, the tunneling effect of P-TFET was 
suppressed, and the writing-1 operation became 


; [ 
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very slow for the weak reverse diode current. 
When Vog equaled —2 V, the BTBT of P-TFET 
was tumed on. Logic 1 could be written even with 
a Vp as low as 0.1 V within a 50-ms time period. 

In a SFG transistor, the embedded P-TFET was 
realized by using an asymmetric doping design 
(fig. S1). The gate-on-source—only overlay design 
also weakened the N-channel TFET response 
(73). The functions of P-TFET during the writing 
operations are schematically illustrated in its typ- 
ical output characteristics (Fig. 3B). During the 
writing-0 operation, the pn junction of P-TFET 
was forward-biased, and the large forward diode 
current quickly discharged the SFG capacitor. 
Accordingly, the device working point moved 
from point a to b in Fig. 3B. During the writing-1 
operation, the negative gate voltage of TFET re- 
sulted in a tunneling current around 0.7 uA/um. 
The tunneling current flowed from the D to charge 
the SFG capacitor and in turn reduced the voltage 
drop between D and SFG. Accordingly, the de- 
vice working point moved from point c to d 
and | was written. 

Because the operation mechanism was changed 
from Fowler-Nordheim tunneling through SiOz 
to the BTBT in the TFET for the SFG transistor, 
much lower voltages were needed, and the oper- 
ation endurance was greatly improved as com- 
pared with that of the conventional FG-MOSFET. 
In fig. S6B, the device operation endurance was 
investigated by repeating the full operation se- 
quences. Almost no degradation was observed 
for 10'* cycles of operation (less than 11%). The 
extrapolated endurance reached 10!°, which is far 
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beyond the endurance of 10° for the conventional 
FG memory cell. Moreover, the measured disturb 
margin of this device met the requirements of 
memory array operation (fig. S7). 

Compared with 6T-SRAM, the transistor num- 
ber is reduced to one with the SFG memory cell, 
whereas the speed is comparable. As a result, the 
unit memory cell size and the cost of the chip can 
be greatly reduced. The power consumption would 
also be greatly reduced, because the write current 
is below 1 pA. For comparison, the 1T1C DRAM 
cell needs a write current of over 10 A to quickly 
charge and discharge the capacitor of 25 fF (/4). 

When the pn junction between the SFG and 
D of a SFG transistor was exposed to light, the 
photogenerated carriers induced a tiny photo- 
current. As indicated in the device symbol shown 
in Fig. 4A, the V, of the SFG transistor will change 
accordingly when the photogenerated carriers are 
collected by the SFG. The SFG device can then 
be modified for light sensing by enlarging the 
area of the photodiode for better light sensitivity. 
Using the image-sensing SFG transistor, an im- 
aging array was configured (fig. S8). The imaging 
function of the SFG transistor was evaluated by 
setting Veg to 0 V during light exposure, using 
photocurrent as the major writing-1 mechanism. 
It can be seen from Fig. 4B that a single device 
has different threshold voltages when it is exposed 
to different light intensities. The SFG transistor 
locally amplifies the photogenerated current to 
a large change in D current for each transistor, 
whereby the active pixel image-sensing function 
is realized. In Fig. 4C, the SFG transistor was 
operated in the image-sensing operation mode, 
with a sequence of “reset - exposure - read’. Dur- 


ing the reset operation, the SFG was initialized to 
a low potential by a reset pulse of Veg = 2 Vand 
Vp =-1 V. During the exposure stage, the pn 
junction between SFG and D was reverse-biased 
and Vcg was set to 0 V. After an exposure op- 
eration of 20 ms, a reading operation was ex- 
ecuted with Veg = 1.28 Vand Vp = 1.5 V. The 
readout D current of the reading operation is 
summarized in Fig. 4D. The D current at the 
reading operation increases linearly with the 
increasing light intensity from 109 to 4090 lux. 
Thus, an active pixel image sensor (APS) func- 
tion was realized with a single SFG cell. For com- 
parison, the CMOS image-sensing technology 
uses three MOSFETs plus a photodiode to com- 
pose a functional APS. Using the SFG cell as an 
APS cell, the pixel density of the image-sensing 
chip can be increased, and the reading operation 
becomes nondestructive. 

As an emerging fundamental semiconduc- 
tor device, the SFG transistor concept opens up 
possibilities for innovations for many technol- 
ogies, such as DRAM, SRAM, TFET, and APS. 
The SFG transistor may become a fundamental 
semiconductor device after MOSFET (/5) and 
FG-MOSFET (/6), given its merits such as ultra— 
high-speed memory function and an active image- 
sensing function. 
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Active Atmosphere-Ecosystem 
Exchange of the Vast Majority of 
Detected Volatile Organic Compounds 


J.-H. Park,""?* A. H. Goldstein,”?+ J. Timkovsky,? S. Fares,”“* R. Weber,” J. Karlik,> R. Holzinger” 


Numerous volatile organic compounds (VOCs) exist in Earth’s atmosphere, most of which 
originate from biogenic emissions. Despite VOCs’ critical role in tropospheric chemistry, 
studies for evaluating their atmosphere-ecosystem exchange (emission and deposition) have 
been limited to a few dominant compounds owing to a lack of appropriate measurement 
techniques. Using a high—mass resolution proton transfer reaction—time of flight—mass 
spectrometer and an absolute value eddy-covariance method, we directly measured 186 
organic ions with net deposition, and 494 that have bidirectional flux. This observation of 
active atmosphere-ecosystem exchange of the vast majority of detected VOCs poses a challenge 
to current emission, air quality, and global climate models, which do not account for this 
extremely large range of compounds. This observation also provides new insight for 


understanding the atmospheric VOC budget. 


bout 90% of atmospheric volatile organ- 
Ae compounds (VOCs) originate from bio- 
genic sources (BVOCs) (7). VOCs play 
a critical role in tropospheric chemistry and are 


associated with ozone production and secondary 
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organic aerosol (SOA) formation, which affect 
human health, regional air quality, and the global 
climate (2-4). Once VOCs are emitted, they either 
undergo oxidation until they form carbon diox- 
ide, deposition to a surface, or transformation 


into SOAs (5). A few studies have shown that 
unmeasured BVOCs were responsible for O3 
chemical loss and missing OH reactivity (6-8). 
Previous BVOC flux field observations mainly 
focused on a few dominant BVOCs such as meth- 
anol, isoprene, and terpenes, and the number of 
compounds for which fluxes could be simulta- 
neously measured was generally limited to 18 com- 
pounds (9). Owing to technical measurement 
limitations, understanding of VOC deposition re- 
mains limited, yet this loss process may dominate 
the removal of atmospheric VOCs (5, /0). Depo- 
sition of only a few oxygenated VOCs (OVOCs) 
has been previously observed in forests (//). 


Department of Environmental Science, Policy, and Manage- 
ment, University of California at Berkeley, Berkeley, CA 94720, 
USA. “Institute for Marine and Atmospheric Research Utrecht, 
Princetonplein 5, 3584 CC, Utrecht, Netherlands. 3Department 
of Civil and Environmental Engineering, University of California 
at Berkeley, Berkeley, CA 94720, USA. “Consiglio per la ricerca e 
la sperimentazione in agricoltura—Research Center for the Soil- 
Plant System, Rome, Italy. °University of California Cooperative 
Extension, Bakersfield, CA 93307, USA. 


*Present address: Institute of Arctic and Alpine Research 
(INSTAAR), University of Colorado at Boulder, Boulder, CO 
80309, USA. 

{Corresponding author. E-mail: ahg@berkeley.edu 


9 AUGUST 2013 


643 


Downloaded from www.sciencemag.org on August 8, 2013 


REPORTS 


644 


We present results of direct flux measure- 
ment over an orange grove in California’s Central 


Fig. 1. Flux contribution gl 494 
by identified ions that had 
a flux exceeding S/N of three 
or more. Sigma (c) indicates 
standard deviation of the noise. 
Blue, red, and green bars in- 
dicate the estimated 24-hour 
mean total emission, estimated 
24-hour mean total deposition, 
and observed 24-hour mean 
net exchange, respectively. The 
number of ions in each bin is 
indicated above. The percent- 
age shown in the green bars 
indicates the flux contribution 
to total net flux of 555 ions 
on a molar basis. 
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= Emission Valley during the summer of 2010 (12). We used 
Ez Deposition a proton transfer reaction—-time of flight—mass 
Co 8 spectrometer (PTR-TOF-MS) (/3, 4), collected 


VOC concentration data at 5 Hz, and evaluated 
the data using the eddy-covariance (EC) method. 
We calculated mixing ratios and fluxes for 555, 
mostly organic, ions with mass-to-charge ratios 
(m/z) between 31 and 1263 (hereafter referred to 
as “ions”), as described by Holzinger et al. (15). 
The detection of fluxes for ions that are only 
emitted or only deposited is straightforward, but 
determination of fluxes for ions that experience 
both emission and deposition and for which the 
net flux is small is more challenging. The flux 
detection method that we used computes the 
“absolute value” of covariance between mea- 
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Fig. 2. BVOC diurnal emission and deposition fluxes. On a molar 
basis for (A) 10 major compounds, (B) four different mass ranges cat- 
egorized as m/z 31-69 (n = 61), miz 69-136 (n = 141), m/z 136-237 (n = 
141), and m/z 237-1278 (n = 141), and on a carbon mass basis for (C) 10 
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85 90—C «106 sured vertical wind speed and ion-mixing ratios, 
effectively adding absolute value signals for emis- 
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major masses and (D) four classes. Staged bar plots of 10 masses and four 
classes with the largest fluxes are shown as diurnal cycles with m/z (or m/z 
range) indicated in the legend. The scale of the y axis in (C) is half that 
of (D). 
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sion and deposition to more easily detect when 
bidirectional exchange is occurring (/6). Noise 
levels (N) were computed in the same way but 
with vertical wind data that were time shifted. 
The measured ions were categorized by their 
signal-to-noise ratios (S/N), and the detection 
limit for flux was defined as S/N > 3. Of the 
555 ions analyzed, 494 ions (~89%) passed the 
S/N = 3 filter. Figure 1 shows the number of 
ions that passed this and more stringent filters 
(S/N = 4 to 10). 

The net flux was calculated by EC for all 
ions. On a molar basis, the net flux (Fig. 1, green 
bars) of 494 ions contributed 97% of the total net 
flux of 4.43 nmol m * s ‘ for all 555 ions observed. 
Deposition for ions above S/N = 3 was substan- 
tial, with a total magnitude of 3.24 nmol msl, 
which is 42% of the total emission of ions above 
S/N = 3, and exceeding the total emission of 
3.03 nmol ms ' of the 10 ions that passed the 
S/N = 8 filter and constitute the 10 dominant 
BVOC fluxes measured. This result supports 
the idea that many unexplored VOCs exist in the 
atmosphere and are actively exchanged with eco- 
systems (5, 10). 


Most BVOC flux field observations only 
measure the dominant VOCs that are included in 
our top 10 major compounds exceeding S/N = 8. 
These dominant compounds were almost exclu- 
sively emitted throughout the day, except for small 
deposition of a few compounds in the early 
morning and evening (Fig. 2A). The 24-hour 
mean net flux of these 10 major compounds 
contributed 63% to the observed total (Figs. 1 
and 2A). We classified all other 484 ions above 
S/N = 3 (but below S/N = 8) into four groups by 
size, including m/z ranges of M31-69 (n = 61 
observed), M69-136 (n = 141), M136-237 (n = 
141), and M237-1278 (n = 141), respectively. 
The m/z of 237 has been previously observed in 
the gas phase by PTR-MS as a B-caryophyllene 
oxidation product (/7); however, none of the 
other ions in the group M237-1278 has been re- 
ported before. The results for compounds in this 
group are uncertain because they are less volatile 
and sticky and are currently not well understood. 
Thus, further research in this m/z range is rec- 
ommended. All 484 of these ions were observed 
to have fluxes that were bidirectional throughout 
the day (Fig. 2B). Both emission and deposition 
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fluxes were at their maxima during daytime; by 
contrast, the concentrations were generally lower 
during day and higher at night owing to buildup 
in the shallow nighttime boundary layer (table 
S2) (16). Although their 24-hour mean total net 
flux was an emission (1.61 nmol m* s') and 
smaller than the total net emission of the summed 
10 major compounds (2.82 nmol m~* s ') de- 
scribed above, their 24-hour mean estimated 
emission was ~1.6 times as large as that of the 
10 major compounds. Their 24-hour mean esti- 
mated deposition was of similar magnitude to the 
net emission of the 10 major compounds (Fig. 2, 
A and B, and table S1) (76). A 24-hour mean net 
deposition occurred for 186 ions, but no single 
ions accounted for more than 1.6% of the total 
estimated deposition on a molar basis. 

We did not find any ions depositing uniform- 
ly throughout the day. More ions with net dep- 
osition were observed in the higher m/z group 
(Fig. 3 and table S1) (/6), suggesting that heavier 
(presumably lower vapor pressure) molecules 
deposit more efficiently. For the 186 ions ob- 
served to have net deposition, the exchange 
velocity (or deposition velocity) was calculated 


M31-69 (n=18 out of 61) A M69-136 (n=40 out of 141) B 
ea =, OL5F 
an (ei 
€ € 
oO So pene a ee ——e ee 
Vg.= -U. 
2 Fost 
{3} Oo 
3 ° 
ro) 1) 
> > =p 
oO oO 
o o 
fa a 41.54 
ic eae 
[> [= 
ui i 
Ep) 4 iy) | 
25 1 n n 1 n 25 1 1 n 1 1 Pa 1 
0) 4 8 12 16 20 24 0 4 8 12 16 20 24 
Hour of Day (PST) Hour of Day (PST) 
M136-237 (n=57 out of 141) c M237-1278 (n=71 out of 141) D 
'v fai 
€ = 
2 = 
r=) r= 
= = 
fe} fe} 
£7) 7) 
> > 
oO oO 
aD D 
c c 
© oO 
cx <= 
[s) oO 
in in 
Bp) J 
-2 5 iti -2 5+ ok ae ee ee ae ee ee eet ed ee Sa Se oe fees Lew So ee cot en beer Cot See 
0) 4 8 12 16 20 24 0 8 12 16 20 24 


Hour of Day (PST) 


Hour of Day (PST) 


Fig. 3. Mean diurnal cycle of exchange velocity for depositing species in m/z categories. Range 31-69 (A), 69-136 (B), 136-237 (C), and 237-1278 
(D). Dotted lines indicate the 24-hour mean exchange velocity for each group; the shaded area indicates SEM. 
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according to V.. = flux/ambient concentration, 
and the diurnal trends were examined (/6). On 
the basis of this analysis, a 24-hour mean /., in 
M136-237 of —0.41 cm s | was the fastest dep- 
osition rate, and the maximum hourly deposition 
was between —1 and—1.5 cms | for all groups. 
During daytime, two V., minima usually 
appeared, first in the morning hours from 09:00 
to 12:00 PST and second in the afternoon hours 
from 14:00 to 17:00 PST. Surprisingly, slower Vj, 
in the hours from 12:00 to 15:00 was observed 
for all groups (Fig. 3). This implies that direct 
emission from the ecosystem and/or within- 
canopy photochemical production reduces the 
net deposition when both temperature and sun- 
light intensity are at a maximum. Recently, 
Karl et al. (11) observed deposition of methyl vinyl 
ketone (MVK) and methacrolein (MACR) and a 
few other OVOCs, including acetaldehyde, to 
deciduous forests, but those accounted for only a 
small fraction of what we observed as deposition. 
In contrast to Karl et al.’s results, we observed 
MVK and MACR to have bidirectional flux that 
resulted in net emission. For these compounds, 
we unambiguously observed emissions during 
daytime, with small deposition in the early morn- 
ing, and found excellent agreement with vertical 
gradient observations performed simultaneously 
at the site using a separate instrument (fig. S2) 
(16). The exchange velocity range we observed 
for the 186 depositing ions (Fig. 3) was generally 
lower or at the low end of the values reported 
above deciduous forests (//). 

In contrast to our molar-basis analysis above, 
when considering carbon mass flux, the heavier 
ions observed are generally more important. We 
estimated carbon mass fluxes for each group by 
conservatively assuming 2, 5, 10, and 15 carbon 
atoms on average for ions in the groups M31-69, 


Fig. 4. Flux contribution by chemical composi- 
tion. Individual VOC and VOC-group contribution to 
the total flux for ions to which an empirical formula 
has been attributed (162 ions) are shown in pie chart 
on the left. The 10 major masses were specifically 
identified, and the remaining 152 m/z ratios were 
categorized by number of oxygens in the molecule as 
GHy, C.HyO, C,H)O2, and C,H/O3.. The two pie charts 
on the right show the contribution of categorized ions 
to the estimated emission (top) and deposition (bottom). 
MBO, 2-methyl-3-butene-2-ol. 
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M69-136, M136-237, and M237-1278, respec- 
tively. Our estimated carbon emission from the 
sum of all 484 observed ions (842 ug C m * 
hour ') is 2.8 times as large as the sum of the 
10 major compounds (294 ug C m hour’), 
and the estimated carbon deposition was twice 
as large (Fig. 2, C and D) as the net emission of 
the 10 major compounds, suggesting that car- 
bon mass flux of these 484 ions is even more 
substantial on a carbon mass basis than on a mo- 
lar basis. This estimate is conservative and likely 
an underestimate because more carbons may be 
expected in each class than the carbon numbers 
we assumed, and another fraction of carbon is 
not accounted for owing to fragmentation in the 
PTR-TOF-MS (/6). The estimated total emis- 
sion of the M31-69 group was the largest, and 
estimated total emissions decreased as the m/z 
group number increased. The deposition was 
almost equivalent among the four groups except 
for M69-136, for which the deposition was 
slightly lower (Fig. 2D and table S1) (/6). 

We used the high—mass resolution molecular 
weight observations to identify chemical formu- 
las for 162 observed hydrocarbons and oxidized 
hydrocarbons by selecting the ions exceeding 
S/N = 3, smaller than m/z 237, and consisting of 
only carbon (C), hydrogen (H), and oxygen (O) 
atoms within a mass range tolerance of +3 mD 
(table S2) (76). The 24-hour mean total net flux 
for these 162 identified ions contributed 77% 
to the total on a molar basis. Using the molec- 
ular formula from 152 ions identified (excluding 
10 dominant ions), we calculated carbon mass 
fluxes and summarized them in groups of pure 
hydrocarbons (C,H,) and oxygenated hydrocar- 
bons containing one, two, and three or more 
oxygen atoms (i.e., C-H,O, C,H,O2, C,H,O3-). 
A 24-hour mean net emission flux of 426 ug C 


Total net flux 
(426 ng C mh") 


m/z 69.0 
(Isoprene+MBO, 
1.2%) 


m/z 71.048 


m/z 93.069 
(Acetaldehyde, (Para-cymene + 


2.7%) Toluene, 4.1%) 
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m ~ hour ! was estimated, and the total net flux 
of 152 ions accounted for about one-third of the 
total (Fig. 4, left pie chart). Pure hydrocarbons 
(C,H,; 1 = 40) constituted 15% of the total car- 
bon flux of these 162 ions, and ions containing 
one to three or more oxygens (C,H,O: n = 30; 
C,H,O>: n = 44; and C,H,O3-: n = 38) contrib- 
uted 12.7, 3.2, and 1.8%, respectively. Although 
the summed flux of these 152 ions was a net 
emission of 139 ug C m ~ hour |, it is instructive 
to look separately at the contributions of oxy- 
genated hydrocarbons and pure hydrocarbons 
to the estimated total emissions and depositions. 
For estimated total emission in each category, 
oxygenated hydrocarbons were dominant, but 
pure hydrocarbon (C,H,) emission was individ- 
ually the largest, followed by C,H,O, C,H,O>, 
and C,H,O3,, indicating that the vast array of 
unknown VOCs were either photochemically 
produced below the measurement height or di- 
rectly emitted from the ecosystem, and were larger 
than the emission of the 10 dominant and com- 
monly measured compounds. Thus, this fuller 
range of compounds provides an extremely im- 
portant contribution to the total observed emis- 
sions (Fig. 4). Moreover, we also estimated greater 
deposition fluxes for oxygenated hydrocarbons 
(71%) than for pure hydrocarbons (29%), and 
C,H,O2 deposition exceeded C,H, deposition 
(Fig. 4). This result is consistent with the idea that 
less-oxygenated VOCs are emitted from the eco- 
system, whereas secondary compounds produced 
through atmospheric photochemical process and 
containing more oxygen atoms are preferentially 
removed by dry deposition. 

Our results show that the mass balance of 
VOCs in the orange orchard ecosystem is high- 
ly incomplete when considering only emission 
and deposition of commonly measured dominant 


Emission 
(310 pg C m? bh) 


27% 


Deposition 


(171 pg C m? ht) 
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BVOCs. The contribution from hundreds of indi- 
vidually minor compounds is important. Future 
research is required to determine if this is also 
true for ecosystems that emit larger quantities of 
isoprene and/or monoterpenes. 

The minor species with lower fluxes and con- 
centrations are not in current BVOC emission 
models, but their sizes, chemical formulae, and 
sum suggest that they should be important for 
SOA formation and regional photochemistry. 
Their presence in the atmosphere may also ac- 
count for a sizable amount of the missing OH 
chemical reactivity and O3 chemical loss observed 
in plant environments. 
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Social Influence Bias: 
A Randomized Experiment 


Lev Muchnik,* Sinan Aral,2* Sean J. Taylor? 


Our society is increasingly relying on the digitized, aggregated opinions of others to 

make decisions. We therefore designed and analyzed a large-scale randomized experiment 
on a social news aggregation Web site to investigate whether knowledge of such aggregates 
distorts decision-making. Prior ratings created significant bias in individual rating behavior, 
and positive and negative social influences created asymmetric herding effects. Whereas 
negative social influence inspired users to correct manipulated ratings, positive social 
influence increased the likelihood of positive ratings by 32% and created accumulating 
positive herding that increased final ratings by 25% on average. This positive herding 

was topic-dependent and affected by whether individuals were viewing the opinions of friends 
or enemies. A mixture of changing opinion and greater turnout under both manipulations 
together with a natural tendency to up-vote on the site combined to create the herding 
effects. Such findings will help interpret collective judgment accurately and avoid social 
influence bias in collective intelligence in the future. 


e rely on ratings contributed by others 

to make decisions about which hotels, 

books, movies, political candidates, 
news, comments, and stories are worth our time 
and money (/). Given the widespread use and 
economic value of rating systems (2—4), it is im- 
portant to consider whether they can successfully 
harness the wisdom of crowds to accurately ag- 
gregate individual information. Do they produce 
useful, unbiased, aggregate information about 
the quality of the item being rated? Or, as sug- 
gested by the experiments of Salganik et al. (5), 
are outcomes path dependent, yielding different 
aggregate ratings for items of equivalent quality? 
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Collective intelligence has recently been her- 
alded as a harbinger of accelerated human po- 
tential (6). But, social influence on individuals’ 
perceptions of quality and value could create 
herding effects that lead to suboptimal market 
outcomes (7, 8); rich-get-richer dynamics that 
exaggerate inequality (9-12); a group think men- 
tality that distorts the truth (/3); and measurable 
disruptions in the wisdom of crowds (/4). If 
perceptions of quality are biased by social influ- 
ence, attempts to aggregate collective judgment 
and socialize choice could be easily manipulated, 
with dramatic consequences for our markets, our 
politics, and our health. 

The recent availability of population-scale 
data sets on rating behavior and social commu- 
nication enable novel investigations of social 
influence (/, /5—20). Unfortunately, our under- 
standing of the impact of social influence on col- 
lective judgment is limited because empirically 
distinguishing influence from uninfluenced agree- 


ment on true quality is nearly impossible in ob- 
servational data (2/—27). For example, popular 
products may be popular because of the irrational 
effect of past positive ratings, or alternatively, the 
best products may become popular because they 
are of the highest quality. We must distinguish 
these explanations to determine the extent to 
which social influence creates irrational herding. 
We therefore designed and analyzed a large- 
scale randomized experiment to quantify the 
effects of social influence on users’ ratings and 
discourse on a social news aggregation Web 
site, where users contribute news articles and 
discuss them. Users of the site that we studied 
write comments in response to posted articles, 
and other users can then “up-vote” or ““down-vote” 
these comments, yielding an aggregate current 
rating for each posted comment equal to the num- 
ber of up-votes minus the number of down-votes. 
Users do not observe the comment scores before 
clicking through to comments—each impression of 
a comment is always accompanied by that com- 
ment’s current score, tying the comment to the 
score during users’ evaluation—and comments 
are not ordered by their popularity, mitigating 
selection bias on high (or low) rated comments. 
Similar scoring mechanisms are widely used on 
the Web to reward users for supplying insightful 
or interesting analysis, while penalizing those post- 
ing irrelevant, redundant, or low-quality comments. 
The vast majority of interuser relations occur on 
the Web site, in contrast to Web sites whose mem- 
bers also interact offline. The data therefore pro- 
vide a unique opportunity to comprehensively 
study social influence bias in rating behavior. 
Over 5 months, 101,281 comments submitted 
on the site were randomly assigned to one of 
three treatment groups: up-treated, down-treated, 
or control. Up-treated comments were artificially 
given an up-vote (a +1 rating) upon the com- 
ment’s creation, whereas down-treated comments 
were given a down-vote (a —1 rating) upon the 
comment’s creation. Users were unaware of the 
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Fig. 1. Effect of manipulation on voting behavior. The positively manipulated 
treatment group (up-treated), the negatively manipulated treatment group (down- 
treated), and the control group (dotted line) are shown. The probabilities to up-vote 
(A) and down-vote (B) positively manipulated, negatively manipulated, and control 
group comments are shown by the first unique viewer; 95% confidence intervals 
are inferred from Bayesian logistic regression with commenter, rater, and commenter- 


manipulation and unable to trace votes to any 
particular user. As a result of the randomization, 
comments in the control and treatment groups 
were identical in expectation along all dimen- 
sions that could affect users’ rating behavior 
except for the current rating. This manipulation 
created a small random signal of positive or neg- 
ative judgment by prior raters for randomly se- 
lected comments that have the same quality in 
expectation, enabling estimates of the effects of 
social influence holding comment quality and all 
other factors constant. The 101,281 experimental 
comments (of which 4049 were positively treated 
and 1942 were negatively treated to reflect the 
natural proportions of up- and down-votes on 
the site) were viewed more than 10 million times 
and rated 308,515 times by subsequent users. 

We may sample users multiple times, and 
nonrandom heterogeneity may exist in users’ 
comment-generating process, their selection of 
comments to vote on, and in relationships be- 
tween commenters and raters. We therefore es- 
timated hierarchical Bayesian models of voting 
behavior and specified commenter, rater, and 
commenter-rater pair random effects; i.e., the 
confidence intervals are based on repeated re- 
sampling, creating a distribution of parameter 
estimates from which the 95% confidence bands 
are derived (see materials and methods in the 
supplementary materials). 

We first compared the probabilities that com- 
ments in each group would be up-voted or down- 
voted by the first viewer after the manipulation. 
These probabilities measure the immediate effect 
of current ratings on users’ rating behavior. We 
then analyzed comments’ long-run ratings dis- 
tributions and final mean scores by aggregating 
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Fig. 2. Effects of topic on 
herding. Mean final scores 
of positively manipulated and 
control group comments are 
shown with 95% confidence 
intervals inferred from Bayesian 
linear regression of the fi- 
nal comment score with com- 
menter random effects across 
the seven most active topic 
categories on the site, or- 
dered by the magnitude of 
the difference between the 
mean final score of positive- 
ly manipulated comments 
and the mean final score of 
control comments in each 
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rater random effects. (C) The mean final scores of positively manipulated, nega- 
tively manipulated, and control group comments are shown with 95% confidence 
intervals inferred from Bayesian linear regression of the final comment score with 
commenter random effects. Final mean scores on this Web site are measured as 
the number of up-votes minus the number of down-votes. We discuss the impli- 
cations of this measurement in greater detail in the supplementary materials. 
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all users’ ratings for comments in the three groups 
over time. 

Figure 1A shows the immediate up-vote 
and down-vote probabilities for the first viewer 
of comments in each of the three categories. 
Up-votes were 4.6 times as common as down- 
votes on this site, with 5.13% of all comments 
receiving an up-vote by the first viewer of the 
comment and only 0.82% of comments receiv- 
ing a down-vote by the first viewer. The up-vote 
treatment significantly increased the probabil- 
ity of up-voting by the first viewer by 32% over 
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the control group (P= 1.0 x 10°) (Fig. 1A). Up- 
treated comments were not down-voted signifi- 
cantly more or less frequently than the control 
group, so users did not tend to correct the upward 
manipulation. In the absence of a correction, pos- 
itive herding accumulated over time. 

The positive manipulation created a posi- 
tive social influence bias that persisted over our 
5-month observation window, generating accu- 
mulating herding effects that increased comments’ 
final mean ratings by 25% relative to the final 
mean ratings of control group comments (” test; 
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Fig. 3. Effects of friendship on rating behavior. The figure shows the probability of a friend (A) and 
enemy (B) of the commenter to up-vote positively manipulated, negatively manipulated, and control group 
comments. Friends and enemies are defined as users who had previously clicked a button on the Web site 
labeling the commenter as someone they “liked” or “disliked,” respectively. 
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Fig. 4. Effects on subsequent discourse. The figure displays the average number of responses (A) 
and the average depth of the discussion tree (B) that developed in response to positively manipulated, 
negatively manipulated, and control group comments; 95% confidence intervals are inferred from 
Bayesian linear regressions with author random effects. 


P = 23 x 101!) (Fig. 1C), and Kolmogorov- 
Smirnov (K-S) tests showed that the final score 
distribution of up-treated comments was signif- 
icantly shifted toward higher scores (K-S test 
statistic: 0.083; P = 1.2 x 107%). Comments in 
the up-treated group were also significantly more 
likely than those in the control group to accu- 
mulate exceptionally high scores. Up-treated com- 
ments were 30% more likely to reach or exceed 
a score of 10 (6.4% versus 4.9% in the control 
group, x° test; P = 2.0 x 10°). The small ma- 
nipulation of a single random up-vote when the 
comment was created resulted in significant- 
ly higher accumulated ratings due to social 
influence. 

Positive and negative social influence created 
asymmetric herding effects. The probability of 
down-treated comments receiving subsequent 
down-votes was 0.014, whereas the probability 
of control comments receiving a down-vote was 
0.007; a significant difference (x7 test; P= 1.1 x 
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10°) (Fig. 1B). However, this effect was offset 
by a larger correction effect. The probability that 
a down-treated comment would subsequently be 
up-voted was 0.099, whereas the probability that 
a control comment would be up-voted was sig- 
nificantly different at 0.054 (y* test; P= 1.0 x 
10 °°) (Fig. 1A). This correction neutralized so- 
cial influence in the ratings of negatively manip- 
ulated comments, and their final mean ratings 
were not statistically different from the control 
group’s final mean ratings (Fig. 1C). 

We next estimated changes in the final mean 
score for up-treated comments compared to con- 
trol comments in the seven most active topic 
categories on the Web site. We found significant 
positive herding effects for comment ratings in 
“politics,” “culture and society,” and “business,” 
but no detectable herding behavior for comments 
in “economics,” “IT,” “fun,” and “general news” 
(Fig. 2). These differences are not due to the fre- 
quency of commenting in these categories, as 
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categories with significant differences in control 
and treatment ratings and those with no significant 
differences had similar levels of activity. There was 
no significant negative herding in any category. 

Friendship also moderated the impact of 
social influence on rating behavior (Fig. 3, A 
and B). The Web site has a feature whereby 
users can indicate that they “like” or “dislike” 
other users, forming “friends” and “enemies” 
social preference graphs. Unsurprisingly, friends 
of the commenter were more likely to up-vote a 
comment than those who disliked him or her 
(9.2% versus 2.7%, x° test; P = 2.7 x 10 *”) 
[compare the average (dotted line) in Fig. 3A to 
the average (dotted line) in Fig. 3B]. Friends 
also tended to herd on current positive ratings 
(friends’ probability to up-vote a positively ma- 
nipulated comment: 0.122 versus friends’ prob- 
ability to up-vote a control comment: 0.092; 7 
test; P= 1.4 x 10°) and to correct comments 
with negatively manipulated ratings (friends’ 
probability to up-vote a negatively manipulated 
comment: 0.176 versus friends’ probability to 
up-vote a control comment: 0.092; x7 test; P= 
4.0 x 10 '7) (Fig. 3A), mirroring the cooperation 
found in human social networks (28). By con- 
trast, enemies of the commenter were not sus- 
ceptible to social influence. Enemies’ ratings were 
unaffected by our treatments, possibly because 
of the small sample of potential first ratings by 
enemies (though there are a substantial number 
of enemies in the community, they are less active) 
(Fig. 3B). 

Finally, social influence in ratings behavior 
did not affect discourse in our setting during the 
5-month observation period. Neither the positive 
nor the negative manipulation affected the aver- 
age number of replies (Fig. 4A) or the average 
depth of the discussion tree created in response to 
a comment (Fig. 4B). 

Several data-generating processes could ex- 
plain our findings. A selection effect could in- 
spire different populations of voters to turn out 
to rate the item (selective turnout)—for example, 
if the negative manipulation inspired voters who 
tend to down-vote (negative voters) to vote in 
higher proportion. Alternatively, prior ratings 
could bias users’ voting behavior by changing 
their opinions about comment quality and there- 
fore their votes (opinion change). We analyzed 
changes in turnout (the likelihood of rating rather 
than just viewing comments) and changes in pos- 
itivity (the proportion of positive ratings) across 
subgroups in our study population to identify var- 
iance in our results explained by turnout effects 
and opinion change, respectively. We divided 
raters and commenters, on the basis of their rating 
history, along four subgroup dimensions by their 
positivity (proportion of positive votes), the com- 
menters’ quality (prior scores of their comments), 
the frequency with which a rater rated a particular 
commenter, and whether raters were friends or 
enemies with commenters. We then compared treat- 
ment effects with expected voting behavior in 
these subgroups. Our analysis revealed several 
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Fig. 5. Effects on turnout versus positivity. The figure 
displays treatment effects of the negative and positive 
manipulation on turnout (the likelihood of rating) and 
positivity (the proportion of positive votes) for negative 
(positive) raters, defined as active raters (with at least 4- 
100 votes on control comments) who display less than 
(greater than) the median proportion of positive votes 3- 
on control comments. Results displayed in red are sta- 
tistically significant at the 95% level, whereas results 
displayed in gray are not. (A) Treatment effect of the 
negative manipulation on positivity; (B) treatment effect 
of the positive manipulation on positivity; (C) treatment 
effect of the negative manipulation on turnout; and (D) 
treatment effect of the positive manipulation on turnout. 
In each panel, the first estimate is the treatment effect 
on negative raters, the second estimate is the treatment 
effect on positive raters, and the third estimate is the 
ratio of the treatment effects on negative/positive raters. 
The treatment effects displayed are odds ratios of the 
treatment effect on the treated compared to the control 
for negative and positive raters. The negative manipu- 
lation created countervailing opinion change for positive 
and negative raters, increasing the positivity of negative 
raters and decreasing the positivity of positive raters, 
whereas both treatments increased turnout uniformly 


down-treated up-treated 


Ayanisod 


Treatment Effect (odds ratio) 
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across both subgroups. 


behavioral mechanisms that together explain the 
experimental results (see “Estimating Behavioral 
Mechanisms” in the supplementary text). 

First, both treatments increased turnout 
(by 82 and 28% for first viewers of down- and 
up-treated comments, respectively), but neither 
created differential turnout for different types of 
voters. This suggests that selection, or differential 
turnout by voter type (e.g., selecting different 
proportions of positive or negative voters, or fre- 
quent or infrequent voters), cannot explain our 
results. Second, we found statistically significant 
opinion change in two of the four subgroup di- 
mensions. The positive treatment created a sys- 
tematic increase in the proportion of positive 
ratings for raters with little prior experience rating 
the particular commenter whose comment was 
manipulated (a 7% increase in the ratio of pos- 


bined with a general preference for positivity 
on the site, created a tendency toward positive 
ratings under both treatments. Prior work has 
shown a preference for positivity in ratings in 
other contexts (/), which suggests that these re- 
sults will generalize. Together, these findings sug- 
gest that a mixture of changing opinion and the 
natural tendency to up-vote together with greater 
turnout under both manipulations, combine to 
create the herding effects we see (see “Estimat- 
ing Behavioral Mechanisms” in the supplemen- 
tary text). 

Our results demonstrate that whereas positive 
social influence accumulates, creating a tendency 
toward ratings bubbles, negative social influence 
is neutralized by crowd correction (29). Our find- 
ings suggest that social influence substantially 
biases rating dynamics in systems designed to 
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Pluripotent Stem Cells Induced 
from Mouse Somatic Cells 
by Small-Molecule Compounds 
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Pluripotent stem cells can be induced from somatic cells, providing an unlimited cell 
resource, with potential for studying disease and use in regenerative medicine. However, 
genetic manipulation and technically challenging strategies such as nuclear transfer 

used in reprogramming limit their clinical applications. Here, we show that pluripotent 

stem cells can be generated from mouse somatic cells at a frequency up to 0.2% using a 
combination of seven small-molecule compounds. The chemically induced pluripotent 

stem cells resemble embryonic stem cells in terms of their gene expression profiles, epigenetic 
status, and potential for differentiation and germline transmission. By using small molecules, 
exogenous “master genes” are dispensable for cell fate reprogramming. This chemical 
reprogramming strategy has potential use in generating functional desirable cell types 


for clinical applications. 


stem cells (ESCs), can self-renew and 

differentiate into all somatic cell types. 
Somatic cells can be reprogrammed to become 
pluripotent via nuclear transfer into oocytes or 
through the ectopic expression of defined factors 
(J-4). However, exogenous pluripotency-associated 
factors, especially Oct4, are indispensable for es- 
tablishing pluripotency (5—7), and previous repro- 
gramming strategies have raised concems regarding 
the clinical applications (8, 9). Small molecules 
have advantages because they can be cell perme- 
able, nonimmunogenic, more cost-effective, and 
more easily synthesized, preserved, and standard- 


P= stem cells, such as embryonic 
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ized. Moreover, their effects on inhibiting and 
activating the function of specific proteins are 
often reversible and can be finely tuned by varying 
the concentrations. Here, we identified small- 
molecule combinations that were able to drive the 
reprogramming of mouse somatic cells toward 
pluripotent cells. 

To identify small molecules that facilitate cell 
reprogramming, we searched for small molecules 
that enable reprogramming in the absence of Oct4 
using Oct4 promoter-driven green fluorescent pro- 
tein (GFP) expression (OG) mouse embryonic 
fibroblasts (MEFs), with viral expression of Sox2, 
KIA, and c-Myc. After screening up to 10,000 small 
molecules (table S1A), we identified Forskolin 
(FSK), 2-methyl-5-hydroxytryptamine (2-Me- 
5HT), and D4476 (table S1B) as chemical “sub- 
stitutes” for Oct4 (Fig. 1, A and B, and figs. S1 
and $2). Previously, we had developed a small- 
molecule combination “VC6T” [VPA, CHIR99021 
(CHIR), 616452, Tranylcypromine], that enables 
reprogramming with a single gene, Oct4 (6). We 
next treated OG-MEFs with VC6T plus the chem- 


ical substitutes of Oct4 in the absence of trans- 
genes. We found that VC6T plus FSK (VC6TF) 
induced some GFP-positive clusters expressing 
E-cadherin, a mesenchyme-to-epithelium transi- 
tion marker, reminiscent of early reprogramming 
by transcription factors (/0, 7) (Fig. 1C and fig. 
S3). However, the expression of Oct4 and Nanog 
was not detectable, and their promoters remained 
hypermethylated, suggesting a repressed epige- 
netic state (fig. S3). 

To identify small molecules that facilitate late 
reprogramming, we used a doxycycline (DOX)- 
inducible Oct4 expression screening system, 
adding DOX only in the first 4 to 8 days (6). Small- 
molecule hits, including several cAMP agonists 
(FSK, Prostaglandin E2, and Rolipram) and epi- 
genetic modulators [3-deazaneplanocin A (DZNep), 
5-Azacytidine, sodium butyrate, and RG108], were 
identified in this screen (fig. S4 and table S1B). 

To achieve complete chemical reprogramming 
without the Oct4-inducible system, these small 
molecules were further tested in the chemical re- 
programming of OG-MEFs without transgenes. 
When DZNep was added 16 days after treatment 
with VC6TF (VC6TEFZ), GFP-positive cells were 
obtained more frequently by a factor of up to 65 
than those treated with VC6TF, forming compact, 
epithelioid, GFP-positive colonies without clear- 
cut edges (Fig. 1, D and E, and fig. S5). In these 
cells, the expression levels of most pluripotency 
marker genes were elevated but were still lower 
than in ESCs, suggesting an incomplete repro- 
gramming state (fig. S6). After switching to 21- 
medium with dual inhibition (21) of glycogen 
synthase kinase-3 and mitogen-activated protein 
kinase signaling after day 28 posttreatment, cer- 
tain GFP-positive colonies developed an ESC-like 
morphology (domed, phase-bright, homogeneous 
with clear-cut edges) (Fig. 1F) (12, 13). These col- 
onies could be further cultured for more than 30 
passages, maintaining an ESC-like morphology 
(Fig. 1, G and H). We refer to these 2i-competent, 
ESC-like, and GFP-positive cells as chemically 
induced pluripotent stem cells (CiPSCs). 

Next, we optimized the dosages and treatment 
duration of the small molecules and were able 
to generate 1 to 20 CiPSC colonies from 50,000 
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initially plated MEFs (fig. S7). After an additional 
screen, we identified some small-molecule boosters 
of chemical reprogramming, among which, a syn- 
thetic retinoic acid receptor ligand, TTNPB, en- 
hanced chemical reprogramming efficiency up 
to a factor of 40, to a frequency comparable to 
transcription factor-induced reprogramming (up 
to 0.2%) (fig. S8 and table S1B). Furthermore, 


using the small-molecule combination VC6TFZ, 
we obtained CiPSC lines from mouse neonatal 
fibroblasts (MNFs), mouse adult fibroblasts (MAFs), 
and. adipose-derived stem cells (ADSCs) with 
OG cassettes by an efficiency lower by a factor 
of ~10 than that obtained from MEFs (fig. S9 
and table $3). Moreover, we induced CiPSCs 
from wild-type MEFs without OG cassettes or 


any other genetic modifications by a comparable 
efficiency to that achieved from MEFs with OG 
cassettes (fig. S9). The CiPSCs were also confirmed 
to be viral-vector free by genomic polymerase 
chain reaction (PCR) and Southern blot analysis 
(fig. S10). 

The established CiPSC lines were then fur- 
ther characterized. They grew with a doubling 


Fig. 1. Generation of CiPSCs by small-molecule compounds. 
(A and B) Numbers of iPSC colonies induced from MEFs infected 
by SKM (A) or SK (B) plus chemicals or Oct4. Error bars, mean + 
SD (n = 3 biological repeat wells). (C) Morphology of MEFs for 
chemical reprogramming on day 0 (DO) and a GFP-positive 
cluster generated using VC6TF on day 20 (D20) after chemical 
treatment. (D) Numbers of GFP-positive colonies induced after 
DZNep treatment on day 36. Error bars, mean + SD (n = 2 
biological repeat wells). (E to G) Morphology of a compact, 
epithelioid, GFP-positive colony on day 32 (D32) after treatment 
(E), a primary CiPSC colony on day 40 (D40) after treatment (F), 
and passaged CiPSC colonies (G). (H) Schematic diagram illustrat- 
ing the process of CiPSC generation. Scale bars, 100 um. For 
(D), cells for reprogramming were replated on day 12. 


Fig. 2. Characterization of CiPSCs. (A and B) 
Pluripotency marker expression as illustrated by im- 
munofluorescence (A, clone CiPS-25) and RT-PCR (B). 
Scale bars, 100 um. (C) Hierarchical clustering of 
global transcriptional profiles. 1-PCC, Pearson corre- 
lation coefficient. (D) Bisulfite genomic sequencing of 
the Oct4 and Nanog promoter regions. MNF-CiPS-7, 
MNF-derived CiPSC line no. 7; MAF-CiPS-1, MAF- 
derived CiPSC line no. 1. 
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time (14.1 to 15.1 hours) similar to that of ESCs 
(14.7 hours), maintained alkaline phosphatase 
activity, and expressed pluripotency markers, as 
detected by immunofluorescence and reverse 
transcription (RT)-PCR (Fig. 2, A and B, and 
fig. S11). The gene expression profiles were sim- 
ilar in CiPSCs, ESCs, and OSKM-iPSCs (iPSCs 
induced by Oct4, Sox2, Kif4, and c-Myc) (Fig. 2C 
and fig. S12). DNA methylation state and histone 
modifications at Oct4 and Nanog promoters in 
CiPSCs were similar to that in ESCs (Fig. 2D 
and fig. S13). In addition, CiPSCs maintained a 
normal karyotype and genetic integrity for up to 
13 passages (fig. S14 and table S2). 

To characterize their differentiation potential, 
we injected CiPSCs into immunodeficient (SCID) 
mice. The cells were able to differentiate into tis- 
sues of all three germ layers (Fig. 3A and fig. 
S15). When injected into eight-cell embryos or 
blastocysts, CiPSCs were capable of integra- 
tion into organs of all three germ layers, including 
gonads and transmission to subsequent generations 
(Fig. 3, B to E, and fig. S16). Unlike chimeric mice 
generated from iPSCs induced by transcription 
factors including c-Myc (14), the chimeric mice 
generated from CiPSCs were 100% viable and 
apparently healthy for up to 6 months (Fig. 3F). 
These observations suggest that the CiPSCs were 
fully reprogrammed into pluripotency (table S3). 

We next determined which of these small 
molecules were critical in inducing CiPSCs. We 
found four essential small molecules whose 
individual withdrawal from the cocktails gener- 
ated significantly reduced GFP-positive colonies 


and no CiPSCs (Fig. 4, A to C). These small 
molecules (C6FZ) include: CHIR (C), a glyco- 
gen synthase kinase 3 inhibitor (75); 616452 (6), 
a transforming growth factor-beta inhibitor (/6); 
FSK (F), a cAMP agonist (fig. S17) (17); and 
DZNep (Z), an S-adenosylhomocysteine (SAH) 
hydrolase inhibitor (figs. S18 and S19) (78, 19). 
Moreover, C6FZ was able to induce CiPSCs from 
both MEFs and MAFs, albeit by an efficiency 
lower by a factor of 10 than that induced by 
VC6TFZ (fig. S20 and table S3). 

To better understand the pluripotency-inducing 
properties of these small molecules, we profiled 
the global gene expression during chemical re- 
programming and observed the sequential acti- 
vation of certain key pluripotency genes, which 
was validated by real-time PCR and immuno- 
fluorescence (fig. S21). The expression levels of 
two pluripotency-related genes, Sall4 and Sox2, 
were most significantly induced in the early phase 
in response to VC6TF, as was the expression of 
several extra-embryonic endoderm (XEN) markers 
Gata4, Gata6, and Sox17 (Fig. 4, D to F, and figs. 
S22 to $24). The expression of Sal/4 was enhanced 
most significantly as early as 12 hours after small- 
molecule treatment, suggesting that Sa//4 may be 
involved in the first step toward pluripotency in 
chemical reprogramming (fig. S22B). We further 
examined the roles of the endogenous expression 
of these genes in chemical reprogramming, using 
gene overexpression and knockdown strategies. 
We found that the concomitant overexpression of 
Sall4 and Sox2 was able to activate an Oct4 
promoter—driven luciferase reporter (fig. S25) 
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staining of CiPSC-derived teratoma (clone CiPS-30). (B to D) 
Chimeric mice (B, clone CiPS-34), germline contribution of 
CiPSCs in testis, (C, clone CiPS-45) and F2 offspring (D, clone 
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CiPS-34). Scale bars, 100 um. (E) Genomic PCR analyzing pOct4-GFP cassettes in the tissues of 
chimeras. (F) Survival curves of chimeras. n, total numbers of chimeras studied. 
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and was sufficient to replace C6F in inducing Oct4 
expression and generating iPSCs (Fig. 4, G and 
H, and fig. S26). The endogenous expression of 
Sall4, but not Sox2, requires the activation of the 
XEN genes, and vice versa (fig. S27). This sug- 
gests a positive feedback network formed by 
Sall4, Gata4, Gata6, and Sox17, similar to that 
previously described in mouse XEN formation 
(20). Moreover, knockdown of Sall4 or these 
XEN genes impaired Oc?4 activation and the sub- 
sequent establishment of pluripotency (fig. S28), 
inconsistent with our previous finding that Gata4 
and Gata6 can contribute to inducing pluripotency 
(21). Taken together, these findings revealed a 
Sall4-mediated molecular pathway that acts 
in the early phase of chemical reprogramming 
(Fig. 4L). This step resembles a Sa/l4-mediated 
dedifferentiation process in vivo during amphib- 
ian limb regeneration (22). 

We next investigated the role of DZNep, 
which was added in the late phase of chemical 
reprogramming. We found that Oct4 expression 
was enhanced significantly after the addition of 
DZNep in chemical reprogramming (Fig. 4D), 
and DZNep was critical for stimulating the ex- 
pression of Oct4 but not the other pluripotency 
genes (Fig. 41). As an SAH hydrolase inhibitor, 
DZNep elevates the concentration ratio of SAH 
to S-adenosylmethionine (SAM) and may there- 
by repress the SAM-dependent cellular methyl- 
ation process (fig. S18) (/8, 19). Consistently, 
DZNep significantly decreased DNA and H3K9 
methylation at the Oct4 promoter, which may 
account for its role in Oct4 activation (Fig. 4, J 
and K) (23, 24). As master pluripotency genes, 
Oct4 and Sox2 may thereby activate other 
pluripotency-related genes and fulfill the chem- 
ical reprogramming process, along with the ac- 
tivation of Nanog and the silencing of Gata6, in 
the presence of 21 (/2, 13, 25, 26) (Fig. 4F and 
fig. S29). In summary, as a master switch govern- 
ing pluripotency, Oct4 expression, which is kept 
repressed in somatic cells by multiple epigenet- 
ic modifications, is unlocked in chemical repro- 
gramming by the epigenetic modulator DZNep 
and stimulated by C6F-induced expression of Sox2 
and Sall4 (Fig. 4L). 

Our proof-of-principle study demonstrates 
that somatic reprogramming toward pluripotency 
can be manipulated using only small-molecule 
compounds (fig. $30). It reveals that the endog- 
enous pluripotency program can be established 
by the modulation of molecular pathways non- 
specific to pluripotency via small molecules rather 
than by exogenously provided “master genes.” 
These findings increase our understanding about 
the establishment of cell identities and open up the 
possibility of generating functionally desirable cell 
types in regenerative medicine by cell fate repro- 
gramming using specific chemicals or drugs, instead 
of genetic manipulation and difficult-to-manufacture 
biologics. To date, the complete chemical repro- 
gramming approach remains to be further improved 
to reprogram human somatic cells and ultimately 
meet the needs of regenerative medicine. 
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Fig. 4. Stepwise establishment of the pluripo- 
tency circuitry during chemical reprogramming. 
(A and B) Numbers of GFP-positive (A) and CiPSC 
(B) colonies induced by removing individual chem- 
icals from VC6TFZ. The results of three independent 
experiments are shown with different colors (white, 
gray, and black). (C) Structures of the essential chem- 
icals. (D and E) The expression of pluripotency-related 
genes (D) and Gata6, Gata4, and Sox17 (E) as mea- 
sured by real-time PCR. (F) Gene expression heat 
map at the single colony level. The value indicates 
the log>-transformed fold change (relative to Gapdh 
and normalized to the highest value). (G and H) Oct4 
activation (G) and numbers of GFP-positive and iPSC 
colonies (H) induced by the overexpression of Sall4 
and Sox2, with C6F removed from VC6TFZ. (I to K) 
The expression of pluripotency-related genes (I), DNA 
methylation (J), and H3K9 dimethylation (K) states 
of the Oct4 promoter in the presence and absence 
of DZNep on day 32. (L) Schematic diagram illus- 
trating the stepwise establishment of the pluripotency 
circuitry during chemical reprogramming. Error bars, 
mean + SD (n > 2 biological repeats). 
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Nuclear Pore Scaffold Structure 
Analyzed by Super-Resolution 
Microscopy and Particle Averaging 


Anna Szymborska,? Alex de Marco,” Nathalie Daigle,? Volker C. Cordes,” 


John A. G. Briggs,” Jan Ellenberg?* 


Much of life’s essential molecular machinery consists of large protein assemblies that currently 
pose challenges for structure determination. A prominent example is the nuclear pore complex 
(NPC), for which the organization of its individual components remains unknown. By combining 
stochastic super-resolution microscopy, to directly resolve the ringlike structure of the NPC, 
with single particle averaging, to use information from thousands of pores, we determined the 
average positions of fluorescent molecular labels in the NPC with a precision well below 

1 nanometer. Applying this approach systematically to the largest building block of the NPC, 
the Nup107-160 subcomplex, we assessed the structure of the NPC scaffold. Thus, light 
microscopy can be used to study the molecular organization of large protein complexes in situ 


in whole cells. 


ethods used to determine the structures 
M« large complexes in situ, for example, 

electron tomography, currently lack the 
resolution for direct molecular assignments. Con- 
sequently, structure determination of very large pro- 
tein assemblies, such as the nuclear pore complex 
(NPC), is extremely challenging. The NPC channel 
mediates nucleocytoplasmic transport, consists 
of several hundred proteins termed nucleoporins 
(Nups), and has an estimated mass of 110 MD 
(1). Despite progress in the crystallization of 
individual Nups (2, 3) and electron tomographic 
reconstruction of the whole NPC (4, 5), it re- 
mains unclear how the individual proteins are 
organized within the complex. Super-resolution 
(SR) fluorescence microscopy should be able to 
fill this gap, because it combines specific molec- 
ular labeling with a very high resolution (6). 
However, SR imaging of biological structures 
in situ is currently limited to a resolution of ~15 nm 
(6-8). We reasoned that it should be possible to 
improve the precision of SR microscopy by com- 
bining many SR images of individual complexes 
using single-particle averaging and applied this 
approach to address the structural organization 
of the NPC. 

We first established a robust methodological 
pipeline by using Nup133, a stable component of 
the NPC scaffold. Stochastic localization micros- 
copy (7-12) of antibody-labeled Nup133 achieved 
about one order of magnitude better resolution 
than state-of-the-art confocal microscopy (Fig. 1, 
A and B) and revealed that Nup133 molecules 
are organized in a ring, consistent with previous 
observations of the transmembrane Nup gp210 
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(73). The large field of view of the SR light mi- 
croscope allowed us to record the entire lower 
surface of a mammalian nucleus, typically con- 
taining several hundred pores with their transport 
axes oriented along the optical axis. Next, we 
developed a single-particle averaging routine that 
allowed us to combine information from thou- 
sands of pores (Fig. 1, C to F) (74). After passing 
stringent quality control (figs. S1 and S2), the 
particles were aligned and summed to generate 
an average image of the respective fluorescent 


Particle averaging 


*Salanandeuns and sum 


label in the NPC (Fig. 1, C and D). From the 
mean radial intensity profile of the image, we 
could determine the average position of the fluo- 
rescent label with respect to the center of the pore 
with a standard deviation of 0.1 nm (Fig. 1, E and 
F, and fig. S3). Applying the averaging pipeline 
to simulated particles showed that our method 
underestimated the real position of the label by 
0.3 nm owing to incomplete decoration of the pore 
ring (fig. S4). Thus, we could determine the aver- 
age radial position of the fluorescent label with a 
precision of 0.1 nm and an accuracy of 0.3 nm. 

Next, we applied our method to systematically 
probe the molecular organization of the human 
NPC scaffold, which is primarily composed of 
multiple copies of the Nup107-160 subcomplex, 
a stable assembly of nine Nups. On the basis of 
structural homology, the organization of the hu- 
man (hs) subcomplex is generally assumed to be 
similar to the yeast (y) Nup84 subcomplex, which 
resembles a 40-nm-long letter Y (/5, 16). The 
positions and orientations of the yeast proteins 
within the Y shape have been assigned on the 
basis of biochemical and crystallographic data 
(17) (Fig. 2A). The stalk of the complex is formed 
by yNup133 (hsNup133) at the foot, followed 
by yNup84 (hsNup107) and yNup145C-ySec13 
(hsNup96-hsSec13) at the central branch point. 
The two arms contain yNup120 (hsNup160) and 
yNup85-ySeh1 (hsNup85-hsSeh1), respectively. 
The human complex additionally contains Nup37, 
which localizes to the Nup160 arm, and Nup43, 
whose position is thus far undetermined. 
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Fig. 1. SR microscopy combined with single-particle averaging. (A) Confocal and (B) SR micros- 
copy of U20S cells stained with Nup133 antibody raised against the full-length protein (FL), showing 
the lower surface of the nucleus (left) and a magnified 2-um* area (right). Scale bars (SB) indicate 3 um 
and 300 nm, respectively. (C) Examples of Nup133-Fl—labeled pores that passed quality control. (D) 
Average image of the NPC, generated by summing of 8698 quality-controlled and translationally 
aligned particles. The mean radial intensity profile of the image was calculated by averaging the line 
profile r in all directions. (E) Normalized mean radial intensity profile (black points) fitted with circularly 
convolved Gaussian (red line). Summing of several two-dimensional (2D) Gaussian peaks in a circle 
results in an apparent shift of the peak toward the center of the pore. The true mean radial position of 
the fluorescence label (dashed line) can be determined from the fit. (F) Precision of determining the 
radial position was estimated by cross-validation, performed by averaging 17 sets of 500 pores each 
(red line marks the median). The standard deviation of the distribution is 0.1 nm. The whiskers on the 
box plot encompass 99.3% of the distribution. 
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At least three contradictory models for the 
orientation of the Nup107-160 subcomplex have 
been proposed, each making different predictions 
for the radial position of its components at the 


Fig. 2. Systematic immunolabeling of the 
Nup107-160 complex. (A) Schematic representa- 
tion of the current model of the human Nup107-160 
complex based on homology to the yeast Nup84 sub- 
complex (Nup43 is omitted, because its position is not 
known). The dimensions of the yeast complex are in- 
dicated. The approximate positions of the antigens of 
the antibodies used in this study are indicated in gray. 
(B to G) SR images of NPCs stained with antibodies 
against Nup62 (B), Nup133 (C), Nup107 (D), Nup96 
(E), Nup160 (F), and Seh1 (G). The bars above the 
images show the position of the antigen (gray) with 
respect to the rest of the amino acid (aa) sequence. 
For each antibody, a representative 4.5-um7? area of 
the lower surface of the nucleus (left) is shown, as well 
as four (B) or three [(C) to (G)] exemplary high-quality 
pores (right). The lower right panel in (C) to (G) shows 
the average image, generated from n number of aligned 
pores. SB, 0.5 um and 0.1 um. (H) Average radial po- 
sitions R of the antibody-stained Nups measured in NV 
independent experiments. The error bars represent 
SEM of the experiments. From left to right: Nup133- 
aa566-582 R = 59.4 + 0.2 nm (SEM), Nup107-aa33-51 
R=55.9 + 0.3 nm, Nup96-aa880-900 R = 59.0 + 0.1 
nm, Nup160-aa941-1436 R = 58.3 + 0.2 nm, Seh1- 
aa342-360 R = 40.4 + 0.3 nm. Positions of Nup107 
and Seh1 are significantly different from all other 
positions with a ¢ test P value P < 0.01. 


scale of nanometers (/S—20) (fig. S5). To address 
this, we first attempted to localize endogenous 
Nup107-160 complex members by using anti- 
bodies. We could specifically label the stalk 
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(Nup133 and Nup107), the central branch point 
(Nup96), and each arm of the Y (Seh1 and Nup160). 
As expected, all five components of the subcom- 
plex appeared as ring structures in SR images 
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Fig. 3. Systematic labeling of (monomeric) 
enhanced GFP [(m)EGFP] fusions of members 
of the Nup107-160 complex with an anti-GFP 
nanobody. (A) Schematic representation of the 
human Nup107-160 complex. The positions of (m) 
EGFP-tagged termini are color coded. (B to H) SR 
images of NPCs of cells expressing mEGFP-Nup133 
(133-N) (B), EGFP-Nup107 (107-N) (©), Nup160- 
mEGFP (160-C) (D), EGFP-Nup37 (37-N) (E), mEGFP- 
Nup160 (160-N) (F), mEGFP-Seh1 (Seh1-N) (G), 
and mEGFP-Nup85 (85-N) (H). The length and 
position of (m)EGFP and linker with respect to the 
Nup aa sequence are indicated in gray in the bars 
above the images. For each (m)EGFP fusion, a rep- 
resentative 4.5-m? area of the lower surface of 
the nucleus (left) as well as three exemplary high- 
quality pores (right) are shown. The lower right 
panel shows the average image generated from n 
number of aligned pores. SB, 0.5 um and 0.1 um. 


(I) Average radial positions R of the GFP-tagged Nups measured in \V independent experiments. From left to right: 133-N R = 50.1 + 0.2 nm, 107-N R= 48.2 + 0.2 nm, 
160-C R = 42.6 + 0.2 nm, 37-N R = 45.5 + 0.0 nm, 160-N R = 52.5 + 0.2 nm, Seh1-N R = 39.9 + 0.3 nm, 85-N R = 38.2 + 0.2 nm. All positions are significantly 


different from all others with a ¢ test P < 0.01. 
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(Fig. 2, C to G), in contrast to Nup62, a compo- 
nent of the central transport channel, which ap- 
peared as a spot (Fig. 2B). Differences in the 
diameters of some of the Nup107-160 compo- 
nents were evident in single SR images without 
averaging (Fig. 2, C to G). After averaging, we 
found that Nup133 is the outermost epitope, 
followed by Nup96, then Nup160, Nup107, and 
lastly Seh1 (Fig. 2H and fig. S6). The antibody- 
based localizations suggested that the stalk and 
the Nup160 arm of the Y are largely peripheral, 
whereas the Nup85-Seh1 arm reaches far to the 
center of the pore. 

Despite the subnanometer precision and ac- 
curacy in determining the mean position of the 
fluorescent label, the substantial size of the pri- 
mary and secondary antibody complexes could 
potentially offset the fluorescent dye from the 
targeted epitope. In addition, we could not obtain 
antibodies of sufficient quality for SR imaging 
against several Nup107-160 complex members. 
To systematically determine the positions of 
the components of the subcomplex with higher 
accuracy, we labeled a collection of seven Nup— 
green fluorescent protein (GFP) fusions with dye- 
coupled small anti-GFP nanobodies (2/) (Fig. 3). 
To ensure high incorporation of the GFP-tagged 
protein into the pore and control for function- 
ality, we depleted the endogenous Nups by RNA 
interference (/4). Overall, the nanobody mea- 
surements resulted in a radial order of Nup107- 
160 complex members very similar to those 
obtained by using immunolabeling of endoge- 
nous Nups. The differences in absolute distances 
between the two labeling strategies that we ob- 
served for Nup133, Nup107, and Nup160 are 
consistent with the size difference between the 
nanobody and the bulky primary and secondary 
antibody pair, which becomes nonnegligible at 
this resolution. 


The small error and well-defined average 
profile we measured for each protein suggested 
that they have very similar radial distances on the 
cytoplasmic and nucleoplasmic face of the pore, 
consistent with their symmetric localization along 
the transport axis (22), and that all copies of the 
subcomplex lie in a very similar orientation within 
the NPC (Fig. 31). According to our subnanometer 
positional constraints for seven nanobody-labeled 
Nups, the Nup107-160 complex is arranged with 
its stalk tilting from the periphery slightly toward 
the center and splits at the branching point from 
where the Nup85-Seh1 arm reaches toward the 
center of the pore, whereas the Nup160-Nup37 
arm stretches back toward the periphery (Fig. 4A 
and figs. SSD and S7). Our data are consistent 
with aspects of a previous computational model 
(20, 23) and with fluorescence anisotropy mea- 
surements (24), both of which proposed that the 
long axis of the Y-shaped complex is perpendic- 
ular to the direction of transport. Furthermore, our 
positional data does not support the “fence-like 
coat” (19, 25) (fig. SSB) or the “lattice” models 
(8, 26) (fig. SSC). 

Comparison with the high-resolution human 
NPC cryogenic electron microscopy (cryo-EM) 
structure (5) placed most of our molecular po- 
sitions in the electron density of the cytoplasmic 
and nucleoplasmic rings and excluded their local- 
ization in the spoke ring (Fig. 4B). The Nup85- 
Seh1 arm localizes at about the same radial distance 
as the eight pairs of central protrusions discern- 
ible in the cytoplasmic ring, while the rest of 
the Y shape overlaps with the ring backbone 
(Fig. 4C). Thus, a head-to-tail arrangement of 
Nup107-160 complex in cytoplasmic and nucleo- 
plasmic rings, along the circumference of the 
pore, is the most likely model to explain our data. 
The model allows for the two proposed stoichi- 
ometries of 8 or 16 copies of the Nup107-160 


-60 -40 -20 0 20 40 60 
nm 


Fig. 4. SR imaging—based model for the orientation of the Y-shaped complex in the NPC 
scaffold. (A) Average positions of (m)EGFP fusions of Nups 133-N (orange), 107-N (yellow), 160-C (light 
blue), 37-N (green), 160-N (red), Seh1-N (dark blue), and 85-N (purple) in the plane of the nuclear 
envelope, based on the spatial constraints from SR measurements of nanobody stained pores magnified in 
the inset. The line thickness represents the 95% confidence interval for the mean position of each tagged 
Nup. The schematic model of the Nup107-160 complex from Fig. 3A is brought into line with the 
measured positions. A cartoon illustrating the two equally possible opposite-handed models is shown in 
fig. SSD. (B) The mean positions of Nups overlaid to scale on the EM structure of the human NPC, viewed 
along the transport axis; SB, 40 nm. (C) Two possible arrangements of the Nup107-160 complexes traced 
in the electron density of the cytoplasmic ring of the nuclear pore consistent with our measurements; the 
dots are drawn in the measured radial position and adjusted manually along the circumference of the pore 


to mark the stalk and both arms of the Y shape. 
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complex per cytoplasmic or nucleoplasmic ring 
(22, 27, 28) (fig. SSD). 

Although the alignment method we used to 
study the organization of the NPC relied on the 
intrinsic rotational symmetry of the complex, we 
demonstrated that it can be extended to asym- 
metric structures by aligning single particles on a 
molecular reference labeled in a second color 
without a loss of precision (figs. S8 and S9). 

We combined stochastic SR microscopy with 
single-particle averaging to investigate the struc- 
ture of a large protein complex, the NPC, in situ 
in whole cells. Our data provide direct evidence 
for the orientation of the Nup107-160 subcom- 
plex within the pore and discriminate between 
contradictory models of the structural organiza- 
tion of the NPC scaffold. More generally, our 
results demonstrate that the average positions of 
fluorescence labels in protein complexes suitable 
for particle averaging can be determined by light 
microscopy with a precision well below 1 nm. 
This approach is potentially valuable to address 
structural biology questions pertaining to large 
protein complexes and organelles, including cen- 
trioles and the centrosome, endosomes, coated 
vesicles, and the kinetochore, because it bridges 
the gap between atomic resolution methods and 
label-free in situ techniques. 
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Polyploids Exhibit Higher Potassium 
Uptake and Salinity Tolerance 


in Arabidopsis 


Dai-Yin Chao,? Brian Dilkes,? Hongbing Luo,” Alex Douglas,” Elena Yakubova,” 


Brett Lahner,” David E. Salt?* 


Genome duplication (or polyploidization) has occurred throughout plant evolutionary history 
and is thought to have driven the adaptive radiation of plants. We found that the cytotype of 
the root, and not the genotype, determined the majority of heritable natural variation in leaf 
potassium (K) concentration in Arabidopsis thaliana. Autopolyploidy also provided resistance to 
salinity and may represent an adaptive outcome of the enhanced K accumulation of plants with 


higher ploidy. 


tiple complete sets of chromosomes, is 


Pore: the quality of possessing mul- 
pervasive within land plants, suggesting 


Fig. 1. Ploidy contributes 
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an adaptive benefit though no mechanisms 
have been established (/). Soil discontinuities, 
such as boundaries between soil types, may 
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to K accumulation in A. 
thaliana leaves. (A) Leaf K 
concentration among 349 ac- 
cessions. The arrow and back 
bar indicate the tetraploid, 
Wa-1. DW, dry weight. (B to F) 
Box plots (the minimum, first 
quartile, median, third quar- 
tile, and maximum are shown, 
with data >1.5 interquartile 
ranges denoted with circles) 0 
for leaf K concentration in 
Col-O x Wa-1 RILs (B), Wa-1 
and diploid Wa-1 (C), natural 
tetraploid accessions (D), nat- 
ural diploids and derived tetra- 
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underlie plant-selective constraints. In an anal- 
ysis of the elemental composition of leaves 
from a set of 349 Arabidopsis thaliana acces- 
sions (2), the autotetraploid accession Wa-1 
(from Warsaw, Poland) had the highest con- 
centration of leaf potassium (K) (Fig. 1A) and 
the K analog rubidium (Rb) (fig. S1A). Recom- 
binant inbred lines (RILs) between the diploid 
accession Col-0 and the autotetraploid Wa-1 
(3) contain diploids and tetraploids with re- 
combinant genotypes (4). All 89 RILs were 
phenotyped for the leaf concentration of K 
and Rb by inductively coupled plasma mass 
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ploids (E), and natural diploids 
and derived haploids (F). (G) 
Leaf K concentration of grafted 
diploid and tetraploid plants. 
NG, nongrafted; SG, self-grafted; 
CoV/4XCol, grafted with Col-0 
as scion and 4XCol-0 as root- 
stock; 4XCol/Col, grafted with 
4XCol-0 as scion and Col-0 
as rootstock. Asterisks in (B) 
to (F) indicate the signifi- 
cance of pairwise compari- 
sons (Student's ¢ test; *P < 
0.05; **P < 0.01). Letters 


Leaf K content (g/kg DW) 


above the bars in (G) indicate statistically different groups (one-way analysis of 
variance with groupings by Tukey’s HSD with a 95% confidence interval). 2X, 
diploid; 4X, tetraploid. Data were collected from 6 to 18 biological replicates for 
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each accession, cytotype or graft, and represented in (G) as mean + SE. All leaf 
K concentration data are accessible using the digital object identifiers (DOls) 
10.423 V/T9H41PBV and 10.4231/193X84K7 (see http://dx.doi.org/). 
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Fig. 2. Tetraploidy promotes A. thaliana salinity tolerance. (A) 
Survival of diploid and tetraploid plants after irrigation with 200 mM 
NaCl. Leaf concentrations of Na (B) and K (C) and the K/Na concen- 
tration ratio (D) of plants after 2 weeks of irrigation with 200 mM 
NaCl. (E and F) Seed production of diploid and tetraploid plants 
without (E) and with irrigation with 100 mM NaCl (F). 2X, diploid; 4X 
tetraploid. Data represent means of measurements from biological rep- 
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licates [(A) n = 40 replicates; (B) to (D) n = 12; (E) and (F) n = 5 to 6] + 
SE. (A to D) Data were analyzed with a Student's t test; *P < 0.05; **P < 
0.01. (E and F) Data were analyzed with a log-normal Poisson gen- 
eralized linear mixed model (table $2), which identifies a significant 
two-way interaction between salinity treatment and cytotype (P < 
0.001), but no significant interaction between salinity and genotype 
(P = 0.051). 


spectrometry (ICP-MS). Ploidy was a signif- 
icant determinant (logarithm of the odds ratio 
for linkage = 28) of leaf K concentration, ac- 
counting for 57.2% of the variation in the 
RILs, and increased K by 32% compared with 
the diploids (Fig. 1B). A diploid Wa-1, derived 
by haploid induction (5), had reduced leaf K 
and Rb concentrations (Fig. 1C and fig. S1B), 
confirming that tetraploidy increased leaf K. 
A minor portion (9.9%) of the variation in leaf 
K in the RILs was accounted for by a quan- 
titative trait locus (QTL) on chromosome 2. 
Wa-1 contributed the allele for increased leaf 
K. No obvious candidate genes are present in 
the genomic region of this QTL. 

We used flow cytometry to identify two ad- 
ditional natural autotetraploids, Bla-5 (from 
Blanes, Spain) and Ciste-2 (from Cisterna di 
Latina, Italy), from a screen of 344 accessions 
(table S1) (4) (see also supplementary ma- 
terials and methods). These autotetraploids 
also had elevated leaf K and Rb compared 
with the diploid Col-0 and with Bla-3 (from 
Blanes, Spain), a close diploid relative of Bla-5 
(Figs. 1D and fig. S1B). To test for genotype by 
ploidy interaction, eight diploid and colchicine- 
doubled tetraploid pairs were evaluated for leaf 
K and Rb. All autotetraploids were phenotyp- 
ically similar to their diploid progenitor, and 
all eight had elevated leaf K and Rb (Fig. 1E 
and fig. S1B). Examination of haploid Col-0 
and Ler, prepared by haploid induction (5), re- 
vealed that haploidy reduced leaf K compared 
with diploid progenitors (Fig. 1F). Thus, leaf 
K in A. thaliana was directly related to ploidy 
level. We used reciprocal grafting (6) to show 
that the elevated leaf K and Rb observed in 
tetraploid Col-0 was present in diploid leaves 
on shoots grafted to tetraploid roots (Fig. 1G 
and fig. S2), whereas leaves from tetraploid 
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shoots grafted to diploid roots showed the same 
leaf K as diploid Col-0 (Fig. 1G and fig. $2). 
These results establish that leaf K is controlled 
by root ploidy, independently of the ploidy of 
the shoot. 

Increased K/Na ratios enhance salinity tol- 
erance in plants (7). We grew diploid and tet- 
raploid Ler, Col-0, and Wa-1 with nutrient 
media supplemented with 200 mM NaCl. Plant 
survival after NaCl treatment was used as a 
measure of salinity tolerance (6). Tetraploids 
showed an increased rate of survival compared 
with diploids (Fig. 2A). In a separate exper- 
iment, tetraploid NaCl-treated plants were 
shown to have elevated leaf K and reduced 
Na compared with diploids (Fig. 2, B to D). 
This suggests that enhanced salinity tolerance 
in tetraploids was associated with both ele- 
vated leaf K and reduced leaf Na accumu- 
lation. To assess the reproductive success of 
tetraploids and diploids in a saline environ- 
ment, Ler, Col-0, and Wa-1 plants were grown 
to maturity with sublethal salinity treatment 
(100 mM NaCl) and seed production was de- 
termined as a proxy for fitness. In the un- 
treated controls, the diploid cytotypes for all 
three genotypes produced more seeds than the 
tetraploids (P < 0.001) (Fig. 2E), as observed 
previously (4). As expected, salinity treatment 
reduced the seed production of all genotypes, 
regardless of cytotype (P < 0.001), though there 
was no significant interaction between geno- 
type and salinity treatment. On the other hand, 
the interaction between cytotype and salinity 
treatment was significant (P < 0.001), with 
tetraploids of all genotypes producing signif- 
icantly more seeds than diploids under elevated 
salinity (P < 0.001) (Fig. 2F). Thus, polyploidy 
can provide a reproductive advantage in saline 
environments. 


Soils with high Na concentration are prevalent 
in many regions of the world. We propose that 
under saline conditions, polyploids, with their im- 
proved ability to accumulate K and exclude Na, 
may have a fitness advantage that could contribute 
to the establishment and persistence of polyploid 
populations. 
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Spatial Dynamics of Chromosome 
Translocations in Living Cells 
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Chromosome translocations are a hallmark of cancer cells. We have developed an experimental 
system to visualize the formation of translocations in living cells and apply it to characterize the 
spatial and dynamic properties of translocation formation. We demonstrate that translocations 
form within hours of the occurrence of double-strand breaks (DSBs) and that their formation is cell 
cycle—independent. Translocations form preferentially between prepositioned genome elements, 
and perturbation of key factors of the DNA repair machinery uncouples DSB pairing from 
translocation formation. These observations generate a spatiotemporal framework for the 


formation of translocations in living cells. 


espite the prevalence and functional impor- 
tance of chromosome translocations, the 
sequence and timing of events leading to 
their formation are largely unknown (/—3). To di- 
rectly visualize the formation of chromosome trans- 
locations in living cells, we generated NIH3T3duo 
cells, which contain integrated into chromosome 
7 the IScel restriction endonuclease site adjacent 
to an array of the Lac-operator DNA sequence 
(LacO, 256 copies) and three integrations on chro- 
mosomes | and 10 (integrations on two chromo- 
some homologs) of the TetO-IScel-TetO array 
(TetO, 96 copies) (fig. S1, A and B). The LacO and 
TetO arrays can be visualized by stable expres- 
sion of GFP-Lac repressor (LacR) or mCherry- 
Tet repressor (TetR) proteins, respectively (Fig. 
1A and movie S1) (4). To induce double-strand 
breaks (DSBs), we introduced IScel by transfec- 
tion into NIH3T3duo cells; after 12 hours, LacO- 
IScel and TetO-IScel arrays colocalized with the 
DNA damage sensor 53BP1 and phosphorylated 
histone H2AX (yH2AX), a marker of DSBs, in- 
dicating the efficient generation of DSBs (fig. S1C). 
Negligible colocalization of the arrays with 53BP1 
or YH2AX was observed after expression of the 
ISceID44A (Asp** — Ala) mutant, which lacks 
endonuclease activity (5); 53BP1 and YH2AX 
strongly accumulated at 12 hours and declined 
gradually thereafter, indicative of successful DNA 
repair (fig. S1C). Efficient cutting and repair was 
confirmed by ligation-mediated real-time polymer- 
ase chain reaction (LM-PCR) (fig. S1D) (4). 
To capture the formation of a translocation in 
individual cells, we used ultrahigh-throughput imag- 
ing (uHTI) (fig. S2A) (6). Upon introduction of 
IScel, but not of the inactive ISceID44A mutant, 
the percentage of NIH3T3duo cells with colocal- 
ized (defined as <3 pixel distance, pixel size 320 
nm; fig. S2, B and C) GFP-LacR and mCherry- 
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TetR arrays (Fig. 1B) increased from background 
levels of ~2% in nontransfected cells to 7.5 + 0.9% 
after 24 hours (P< 10 “) and reached a plateau of 
12.1 + 1.2% after 36 hours (P < 10°) (Fig. 1C). 
Formation of translocations was confirmed by real- 
time PCR (fig. S2D) and sequencing of transloca- 
tion junctions (fig. S2E). Translocation frequency 
increased from ~1:2000 cells at 12 hours after [Scel 
expression to ~1:400 at 24 hours and ~1:300 at 
36 hours (Fig. 1D). These data indicate that upon 
induction of DSBs, a considerable population 
of DSBs becomes paired, but that only a fraction 
is illegitimately repaired to form translocations. 
No differences in GFP-LacR or mCherry-TetR 
pairing frequency were observed in individual 
G,-, S-, or G>/M-phase cells (P > 0.05, Fig. 1E), 
identified by measuring the integrated intensity 
of 4’,6-diamidino-2-phenylindole (DAPI) stain- 
ing of single cells in three dimensions (fig. S3, A 
to D) (6). The absence of cell cycle dependence 
of translocation formation was confirmed by PCR 
of LacO-TetO translocations in cells analyzed 
by fluorescence-activated cell sorting (FACS) 
(fig. S3E), (P > 0.05, Fig. 1F) and in cells ar- 
rested in G, or at the G;/M boundary by contact 
inhibition or nocodazole treatment, respectively 
(Fig. 1G, P> 0.05; fig. S3, A and F). We conclude 
that the formation of chromosome transloca- 
tions is cell cycle—independent. 

To observe translocation events in living cells, 
we used uHTI time-lapse microscopy to simulta- 
neously track GFP-LacO and mCherry-TetO 
arrays in several thousand cells for up to 24 hours 
(Fig. 2, A and B) (6). The fraction of cells with 
paired arrays increased with time in cell populations 
transfected with IScel, but not with ISceID44A 
(fig. S4A). Tracking of individual cells by time- 
lapse microscopy demonstrated that after gen- 
eration of DSBs by IScel, DSBs sampled the 
nuclear space by nondirectional, saltatory motion 
(Fig. 2; fig. S4, B and C). Some DSB pairs moved 
into spatial proximity and underwent cycles of 
local transient pairing and dissociation (fig. S4, 
Band C, and movie S82). A subset of transiently 
paired DSBs eventually engaged in persistent pair- 
ing, resulting in the stable juxtaposition of the LacO 
and TetO arrays over several hours, suggestive of 


translocation formation (Fig. 2, A and B, and 
movies S3 and S4). Stable joining of LacO and 
TetO arrays by translocation is indicated by the 
coordinated motion of the two arrays over several 
hours (fig. SSA and movies S4 and S5). The two 
intrachromosomal ends marked by TetO, generated 
by the IScel cut, moved in unison to the area of 
pairing with the LacO (Fig. 2, A and B, and movies 
S3 and S4). The number of the detected TetO 
arrays per cell, but not of the LacO arrays (P = 
0.036), was higher in cells with paired LacO and 
TetO arrays (P< 3.7 x 10 ’, fig. SSB), indicating 
that the two TetO sequences flanking the break 
separated after completion of repair toward the 
formation of a translocation. This observation 
suggests that the two intrachromosomal breaks 
do not separate before translocation, and that the 
choice of the chromosomal partners involved in 
the joining takes place after the chromosomal 
partners are in close proximity. The absence of 
separation of the two chromosome ends gener- 
ated by a single [Scel cut provides a cell biolog- 
ical explanation for the occurrence of reciprocal 
translocations, because it would be highly unlikely 
that both broken chromosome ends find their two 
corresponding translocation partners, if the two 
chromosome ends separated prior to congregation 
with other DSBs. 

Covisualization of the repair factor S53BP1 
revealed its recruitment to individual DSBs and 
the coalescence of individual foci to form a single 
repair center (Fig. 2C). The combined 53BP1 focus 
was then resolved over time, presumably as a con- 
sequence of completed DNA repair to generate 
a translocation (Fig. 2C). 

Single-particle tracking to monitor the move- 
ment of the fluorescently tagged LacO and TetO 
arrays after expression of [Scel showed that, in 
agreement with previous reports in mammalian 
cells (7, 8) but distinct from their behavior in 
yeast (9, 70), the mean squared displacement of 
DSBs in mammalian cells displayed motion 
properties similar to those of intact chromosomal 
loci (Fig. 3A). In contrast, the motion properties 
of translocating arrays were significantly faster 
(Fig. 3B) with a mean squared change in distance 
Ad’ = 25 um” after 8 hours for translocating ar- 
rays versus ~10 um? for nontranslocating arrays. 

To directly address the role of spatial posi- 
tioning in translocation formation, we determined 
the relative positions of translocating DSBs prior 
to persistent pairing. The increase in paired arrays 
(8% at 24 hours, 13% at 48 hours, 15% at 60 
hours; fig. S6A) was mirrored by a reduction in 
the population of cells with array separations of 2 
to 6 um (fig. S6A); this finding suggests that the 
majority of paired arrays arise by association of 
pairs within this distance range. In support of 
preferential pairing of proximal DSBs, reverse 
tracking of LacO-TetO arrays that persistently 
formed pairs in time-lapse movies (=3-hour colo- 
calization; <960 nm apart) showed that more than 
80% of translocating arrays were found within 
less than 2.5 um of each other 5 hours before their 
permanent joining (Fig. 3C) and that translocating 
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DSBs were separated by an average distance of 
~1.5 um 4 hours before their persistent joining, 
whereas array pairs that colocalized only tempora- 
rily, and thus do not reflect translocation events, 
were separated by ~3 um during the same time 
period (Fig. 3D and fig. S6B). Although the vast 
majority of persistent colocalizations originated 


from proximally (<3 sm) located DSBs (Fig. 3, C 
and D), we also detected the occurrence of ~10% 
of persistent pairs from distally positioned DSBs 
(Fig. 2B, Fig. 3C, and movie S4). We conclude 
that the vast majority of translocations form from 
pre-positioned proximal DSBs, although a small 
subset of translocations can be generated by DSBs, 


which undergo long-range motion. These results 
unify the “‘contact-first” and “breakage-first’” mod- 
els for how spatial organization affects transloca- 
tion formation (3, //, /2). 

To explore the role of DNA repair in DSB 
pairing and translocation formation, we inhibited 
key components of the DNA damage response 
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cell cycle phase 


Fig. 1. An experimental system to visualize chromosome translo- 
cations in living cells. (A) NIH3T3duo cells containing an integrated LacO- 
IScel array and three TetO-IScel-TetO arrays, stably expressing GFP-LacR and 
mCherry-TetR, respectively. Scale bar, 10 um. (B) Colocalization of LacO 
(green) and TetO (red) arrays in NIH3T3duo cells 24 hours after expression of 
IScel. Scale bar, 10 um. (C) Percentages of the cells with paired LacO and TetO 
arrays in indicated cell populations. Values represent means + SD from at least 
three independent experiments (7500 to 16,500 cells with LacO and TetO 
analyzed per sample; *P < 0.05, **P < 0.001, ***P < 0.0001, Student ¢ test or 
x? test). (D) Real-time PCR analysis for detection of Lac-Tet translocations in 
NIH3T3duo cells transfected with IScel or IScelD44A for the indicated times. 
PCR was performed using primers located in the Lac or Tet operator sequences. 
Standard curve was generated by spiking-in at the indicated ratios with NIH2/4 
cells, which contain an integrated LacO-Iscel-TetO array (4). Values are nor- 
malized to 1:2000 sample and represent means + SD from three independent 
experiments. *P < 0.05, ***P < 0.0001, two-tailed Student t test. (E) Untreated 
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cell cycle phase 


arrested at 


cells or cells transfected for 24 hours with the indicated plasmids were fixed 
and stained with DAPI and uHTI was performed to assess the cell cycle status of 
individual cells (fig. $3, A and B). The percentage of cells with paired LacO- 
TetO arrays was determined. Values represent means + SD from three 
independent experiments; one-way analysis of variance (ANOVA) test or x? 
test (IScel positive: G,, n = 3620; S, n = 985; G5+M, n = 1295; IScelD44A 
positive: G,, n = 1851; S, n = 1052; Gj+M, n = 891). (F) NIH3T3duo cells 
transfected for 24 hours with IScel were stained with DAPI and sorted into G, 
or S+G>+M populations (fig. S3E). Identical numbers of gated G,, $+G2+M, 
and asynchronous cells were used to extract DNA and perform real-time PCR. 
Values represent means + SD from two independent experiments (P > 0.05, 
one-way ANOVA). (G) Real-time PCR for LacO-TetO translocations in NIH3T3duo 
cells transfected with IScel for 24 hours and arrested in G, phase by contact 
inhibition or at the G,/M boundary by treatment with nocodazole (fig. $3, A 
and F). Values represent means + SD from three experiments (P > 0.05, 
one-way ANOVA). 
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(DDR) machinery and monitored their effect on 
these processes. Inhibition of the major DNA re- 
pair and signaling kinases ATM (ataxia telan- 
giectasia mutated) or ATR (ataxia telangiectasia 
and Rad3-related) by inhibitors or knockdown ex- 
periments using specific small interfering RNAs 
(siRNAs) (fig. S7A) had no effect on the fraction of 
the cells with paired DSBs (P > 0.05; Fig. 4, A and 
C). However, inhibition of DNA-dependent pro- 
tein kinase (DNAPK) activity increased transloca- 
tion frequency by almost an order of magnitude 
(P < 10 *; Fig. 4B and fig. S7C), indicating un- 
coupling of DSB pairing from translocation 
formation. In line with a reported increase in the 
frequency of c-Myc and immunoglobulin heavy 
chain locus (IgH) translocations upon treatment of 


AIM“ B cells treated with DNAPK inhibitor 
(73), inhibition of both ATM and DNAPK syn- 
ergistically increased translocation frequency in 
NIH3T3duo cells (fig. S7B). In addition, when 
the catalytic subunit of DNAPK was eliminated 
by siRNA (fig. S7A), an increase in the frequency 
of translocations similar to the increase observed 
after Ku80 knockdown was observed (Fig. 4D) 
(/4). Taken together, these data suggest that upon 
formation of DSBs and DSB pairing, DDR sig- 
naling acts downstream of the paired breaks to 
regulate the repair steps required for translocation 
formation, indicating that the kinase activity of 
DNAPK is essential to suppress translocations 
without affecting the physical pairing of DSBs. 
Consistent with this notion, DNAPK kinase 


activity through autophosphorylation has been 
implicated in the regulation of DSB end process- 
ing, the complex dissociation from the break, and 
the inactivation of the enzyme (/5, 76). In support 
of this idea, sequencing of the translocated junctions 
formed in the presence of DNAPK inhibitor in- 
dicated minimal end processing (fig. S7D). 
Interference with the upstream repair machin- 
ery by Mirin, an inhibitor of the Mrel1 component 
of the DNA damage-sensing MRN complex (/7), 
or by small hairpin RNA (shRNA) against MRE11 
(fig. S7A) reduced by a factor of 2 the fraction of 
the cells with paired LacO-TetO arrays (P < 0.05; 
Fig. 4, A and C) and translocation frequency by 
23% (P < 0.05; Fig. 4B). Mirin suppressed the in- 
crease in frequency of translocations observed in 


Fig. 2. Visualization of chromosome translocations by time-lapse mi- 
croscopy. (A and B) Time-lapse microscopy of NIH3T3duo cells transfected 
with IScel. Maximal projected image sequences of representative movies show 
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pairing of (A) proximal and (B) distal DSBs. Scale bars, 5 um. (C) Formation of 
a LacO (green)—TetO (red) translocation relative to repair foci in NIH3T3duo 
cells stably expressing BFP-53BP1 (blue). Scale bar, 5 um. 


SCIENCE www.sciencemag.org 


on August 8, 2013 


Downloaded from 


the presence of the DNAPK inhibitor, which sug- 
gests that it acts upstream of DNAPK function 
(fig. S7B). We conclude that inhibition of Mre11 
function reduces the efficiency of breaks to pair, 


Fig. 3. Dynamics of translocations in space 
and time. (A) Mean squared displacement (MSD) 
plots for LacO and TetO in cells transfected with 
IScel or IScelD44A. Values represent means + SEM 
of pooled data from three independent experiments 
(n = 66 to 98). (B) Mean squared change in distance 
(Ad?) between the LacO and the closest TetO array 
of cells with intact arrays (IScelID44A, n = 34), DSBs 
without pairing events (IScel, n = 33), or persistent 
colocalization (IScel, pairing >3 hours, n = 43). (C) 
Translocations occur predominantly from proximally 
located DSBs. Persistent LacO-TetO pairs (>3 hours) 
were identified, and distance histograms between 
LacO and TetO arrays for the time of pairing (t = 0, 
light blue bar) and 5 hours before (t =—5 hours, red 
bars) were generated (n = 40). (D) Average LacO- 
TetO distances as a function of time before pairing 
for 1 hour, >3 hours, and >5 hours (all tracks, n = 
2897; 1-hour transient interaction, n = 1437; at 
least 3 hours, n = 615; 5-hour pairing, n = 157). 
Values represent means + SD from two indepen- 
dent experiments. 


Fig. 4. Effects of DNA repair machinery on DSB 
pairing and translocation formation. (A) The 
percentage of NIH3T3duo cells with paired LacO-TetO 
arrays was assessed after IScel or IScelD44A expression 
for 24 hours in the presence of the indicated inhibitors. 
Values represent means + SD from at least four inde- 
pendent experiments (Student t test or y° test, *P < 
0.05). (B) Real-time PCR on DNA from cells transfected 
with IScel for 24 hours in the presence of the indicated 
inhibitors. The untreated sample was used as a control. 
Values represent means + SD from at least four in- 
dependent experiments (Student t test, *P < 0.05, 
***P < 0.0001). (C) Percentage of cells with paired 
LacO-TetO arrays in cells treated with the indicated 
siRNAs or shRNAs as in (A) (Student t test, *P < 0.05). 
Values represent means + SD from at least two inde- 
pendent experiments. (D) Real-time PCR of NIH3T3- 
duo cells treated with the indicated siRNAs performed 
as in (B) (Student f test, *P < 0.05). 
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and that this effect results in decreased trans- 
location frequency. 

The experimental system described here serves 
as the basis for a comprehensive spatial and tem- 
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poral framework for the elucidation of the mech- 
anisms involved in the formation of chromosome 
translocations and will enable in-depth analysis of 
translocation mechanisms in vivo. 
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Real-Time Dynamics of RNA 
Polymerase II Clustering in 


Live Human Cells 


Ibrahim |. Cisse,:? Ignacio Izeddin,"* Sebastien Z. Causse,? Lydia Boudarene,’ 
Adrien Senecal,”’® Leila Muresan,** Claire Dugast-Darzacq,”> Bassam Hajj,>+ 


Maxime Dahan,”?°t+ Xavier Darzacq*?+ 


Transcription is reported to be spatially compartmentalized in nuclear transcription factories 

with clusters of RNA polymerase II (Pol II). However, little is known about when these foci 
assemble or their relative stability. We developed a quantitative single-cell approach to 
characterize protein spatiotemporal organization, with single-molecule sensitivity in live eukaryotic cells. 
We observed that Pol II clusters form transiently, with an average lifetime of 5.1 (+ 0.4) seconds, 
which refutes the notion that they are statically assembled substructures. Stimuli affecting 
transcription yielded orders-of-magnitude changes in the dynamics of Pol II clusters, which 

implies that clustering is regulated and plays a role in the cell’s ability to effect rapid response 

to external signals. Our results suggest that transient crowding of enzymes may aid in 


rate-limiting steps of gene regulation. 


cell nucleus in local RNA polymerase II 
(Pol I})—enriched foci known as transcrip- 
tion factories. Clusters of Pol II have been ob- 
served in fixed cells (7); however, many aspects 
of transcription factories remain a matter of de- 
bate (/—6). Central questions are whether these 
foci are stable architectures to which DNA must 
translocate (7) or if they assemble and disassemble 
dynamically for transcription regulation in vivo. 
Here, we engineered a human osteosarcoma 
cell line (U2OS) stably expressing the Pol II cat- 


Tas is believed to take place in the 
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alytic subunit (RPB1) labeled (8, 9) with a photo- 
convertible fluorescent protein, Dendra2, replacing 
endogenous RPB1 (Fig. 1A and fig. $1). This 
cell line enabled superresolution imaging— 
fluorescence-based localization with an accuracy 
greater than the diffraction limit—of the distri- 
bution of Pol II in living cells by means of pho- 
toactivation localization microscopy (PALM) 
(0, 11). As illustrated in Fig. 1B, a nonhomog- 
eneous distribution of Pol II was observed in living 
cells, which suggested Pol II clustering, compara- 
ble to Pol II distributions in fixed cells (fig. $2). 

Pair-correlation PALM (pcPALM) analysis was 
recently used to infer spatial clustering of proteins 
at the cell membrane, with a correction for pos- 
sible contributions of single-molecule fluorophore 
photophysics (/2). pcPALM analysis on the PALM 
distribution of Dendra2—Pol II (fig. S3) yielded a 
correlation function best fitted by a spatial clus- 
tering model, both in living and fixed cells, but 
not in a control cell line expressing Dendra2 alone, 
which fitted the simpler model consistent with 
single-molecule homogeneous distribution (Fig. 
1C and fig. S3). The average correlation radius 
obtained by pcPALM was 220 (+ 17) nm in live 
cells, and 94 (+ 4) nm in fixed cells (table S1); 
this difference can be explained by the observa- 


tion that temporally distinct clustering events can 
occur at neighboring loci in vivo (fig. S7). Clus- 
ter sizes below the diffraction limit may explain 
why these structures remained uncharacterized in 
previous Pol II live-cell studies (4, 5). 

PALM images are reconstructed from single 
detections collected over several minutes of im- 
aging. In live-cell PALM, all the temporal in- 
formation is lost in the final image. In order to 
discriminate between a deterministic organization 
model with static, dedicated Pol II clusters, which 
necessarily required gene translocation for acti- 
vation, and a self-organization model with highly 
dynamic, de novo clustering of Pol II, we ana- 
lyzed the temporal sequence of detections lead- 
ing to a particular cluster. We investigated from 
the time-resolved single-molecule detection data 
whether the live-cell clusters have discernible and 
quantifiable temporal signatures indicative of their 
relative stability. We refer to this approach com- 
bining time-correlated detection counting and 
PALM as time-correlated PALM (tcPALM) (/3). 

For tcPALM analysis, we selected regions cor- 
responding to individual high-density clusters in 
live-cell superresolution PALM images. For each 
selected Pol II cluster, we plotted the single- 
molecule detection profiles in the form of time 
series (Fig. 2, A and C) representing the rate of 
detection of Dendra2—Pol II fluorescence per frame. 
The detections did not seem uniformly distrib- 
uted but appeared clustered in time. These tem- 
poral clustering events are more evident in the 
cumulative count of detections, where they appear 
as large steps (arrows in Fig. 2, B and D) in the 
representation. For comparison, in a fixed cluster, 
the cumulative detections from fixed-cell controls 
under identical conditions (see fig. S4A) exhibited 
a monotonic slope from the start of the acquisition, 
indicative of a local concentration of immobile 
proteins followed by a gradual plateau until the end 
of acquisition, signature of an exhaustion in detec- 
tions from the static pool of proteins. By contrast, 
the live-cell cumulative detections showed a delayed 
slope onset, which suggested that the clusters dy- 
namically assembled after acquisition started. 
Moreover, the slope abruptly turned into a plateau, 
indicative of a sudden disassembly of the cluster. 
Overall, these observations suggest that Pol II 
clustering in live cells exhibited transient dynamic 
signatures clearly distinct from static clusters. 
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To quantify the apparent kinetics of Pol II 
clustering, we implemented a burst dwell-time 
analysis. We recorded both a dwell time (T,,) cor- 


A 


Fig. 1. Live-cell superresolution im- 
aging reveals spatial Pol II cluster- 
ing. (A) Preconverted (Dendra2-RPB1 
green emission) fluorescence image 
shows Pol II primarily localized in nu- 
cleus [compare (A) and (B)]. (B) Two- 
dimensional superresolution reconstruction 
reveals nonhomogeneous distribution 
of detected Pol II (red). Nuclear con- 
tour (white outline) is approximated 
from preconverted fluorescence in (A). 
(C) A pair-correlation analysis was im- 
plemented as previously described (22) to 
quantitatively analyze the spatial distribu- = g 
tion. Represented is the pair-correlation func- 

tion computed from the spatial coordinates 
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correlation function g (r) 


responding to the apparent lifetime of a selected 
burst and the count of detections per burst (burst 
size). The time separating individual bursts (tog) 
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of the raw PALM detections (black), fitted to a general function (orange) that accounts for contributing 
factors from the protein clusters and single-molecule stochastic effects as detailed in supplementary text 
and fig. S3. The corrected spatial correlation function for the protein (green) is decoupled from the fluorophore 
stochastic contributions (blue). The corrected protein correlation function shows statistically significant 
clustering, above the theoretical g(r) = 1 (gray dashes) with a fit parameter of Fprotein ~ 220 (+ 17) nm, 
distinct from the single-molecule stochastic fit parameter of rgtoch ~ 45 (+ 1) nm. Errors (in parentheses) 


represent standard error of the fitted value. 
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Fig. 2. tcPALM analysis reveals temporal clustering of Pol II in live 
cells. (A to D) Representative time-dependent detections from two Pol II 
clusters in living cells show bursts of temporally correlated, high counts of 
detections. The cumulative detection profiles (B and D) illustrate dynamic cluster 
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was often larger than the imaging time (500 s) 
and, therefore, could not be determined precisely. 
For the bursts detected, we obtained a distribution 
of 1, with an average lifetime of 5.1 (+0.4) s, 
and spanning less than 30 s (Fig. 2E). This obser- 
vation is consistent with our previous study (4) 
on an artificial gene array, where 99% of Pol II 
molecules interacted very transiently at the ac- 
tive locus. These results support de novo spatio- 
temporal clustering of Pol II, which is more 
consistent with a self-organization model of 
transcription. 

We hypothesized that, if there is any rele- 
vance of Pol II clustering to transcription, it should 
be reflected by systematically changing the cell’s 
transcriptional state. We therefore measured the 
cluster dynamics through serum induction, when 
specific response genes are transcribed at much 
higher efficiency (14-17). Similar to the normal 
growth case, temporal clustering events were ob- 
served after serum stimulation (Fig. 3, A and B). 
The average To, was 48 (+9) s (Fig. 3C), an order- 
of-magnitude increase from normally grown cells. 
As shown in Fig. 3C, the distribution of to, re- 
vealed a variation of bursting lifetimes spanning 
up to two orders of magnitude. Larger clusters were 
also observed under serum stimulation (Fig. 3D). 
Depicted in the examples in Fig. 3, A and B, two 
clusters exhibiting comparable total detection 
counts might exhibit 10-fold difference in burst- 
ing lifetimes, which suggests that the apparent re- 
cruitment rate differs considerably from one locus 
to another. These observations are consistent with 
the notion that individual gene loci might exhibit 
different clustering kinetics. By contrast, Pol II clus- 
tering kinetics in serum-deprived cells showed rela- 
tively little difference from the kinetics measured 
in normally grown cells (fig. S5), which indicates 
that the orders-of-magnitude changes in Fig. 3 
are unique to the serum stimulation. In addition, 
accumulation of Pol II could be observed at the 
transcription locus of an induction-responsive 
(B-actin) gene by colocalization analysis with en- 
dogenous mRNA imaged by fluorescence in situ 
hybridization (FISH) (fig. S6); therefore, individ- 
ual Pol II clusters can be linked to a gene locus 
with active transcription. These results correlate 
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assembly (arrows) and disassembly (plateaus). (E) The distribution of apparent 
burst lifetimes (t,,,) is represented with a Gaussian fit. Average t,,, obtained was 
5.1 (+ 0.4) s, and the fit mean obtained was 4.2 (+ 0.4) s. Errors (in parentheses) 
represent standard error of the mean. We analyzed 104 clusters from four cells. 
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Fig. 3. Pol Il cluster dynamics are dependent on transcription induction. (A and B) Time-dependent 
detection profiles of individual clusters show several fold higher detection counts (red arrow) during cluster formation 
(black arrows) with serum induction compared with clusters under normal cell growth (Fig. 2, A and C). (C) 
Distribution of apparent burst lifetimes (t,,) has considerably broadened with an average t,, for serum 
induction of 48 (+ 9) s. (D) The probability distribution of burst sizes (detection counts per burst) for serum 
induction shows broadening with higher counts for burst events that were not present in clusters from normal 
growth cells (D, inset); the average burst size was 89 (+ 14) and 23 (+ 1) detection counts for serum-induced 
and normal growth cells, respectively. Errors (in parentheses) represent standard error of the mean. We 
analyzed 106 clusters from six cells. 
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Fig. 4. Transcription elongation inhibitory drug 
treatment suggests Pol II clustering precedes 
mRNA synthesis. (A to C) Time-dependent detec- 
tion profiles of individual clusters after flavopiridol 
treatment show temporal signature consistent with 
a steady pool of clusters. (D) The histogram distribu- 
tion of the total counts of detections per cluster are 
represented for the flavopiridol-treated (top), nor- 
mal growth (middle), and serum-induced cells (bot- 
tom). CoV denotes the coefficient of variation 
obtained for the respective data. 


Pol II clustering dynamics to gene expression reg- 
ulation at specific loci. 

Next, we investigated whether Pol II cluster- 
ing precedes or succeeds mRNA synthesis (tran- 
scription elongation). The inhibition of the positive 
elongation factor (P-TEFb) impedes productive 
elongation (4, 6, 78, 19). In chromatin immuno- 
precipitation (ChIP) experiments, P-TEFb inhi- 
bition did not affect polymerases accumulated at 
the promoter, whereas depletion in the transcribed 
region of genes was observed (/8, 20). We hy- 
pothesized that, if clustering reflected an accu- 
mulation of the elongating Pol II, then P-TEFb 
inhibition should substantially reduce clustering. 
In contrast, upon treatment with the P-TEFb in- 
hibitor flavopiridol (79, 2/), Pol II clusters were 
more pronounced (Fig. 4). These results suggest 
that Pol II clustering occurs before promoter pause 
release (20), a regulatory step preceding produc- 
tive transcription elongation. 

After inhibition, 89% of clusters showed a 
stable signature, akin to fixed-cell static clusters 
(Fig. 4, A to C), with a slope onset in the cu- 
mulative detections from the start of acquisition 
followed by a gradual plateau. Furthermore, the 
histogram of the total counts of detections per 
cluster in flavopiridol-treated cells had a distri- 
bution comparable to that of normally grown cells. 
For both, the coefficient of variation was ~0.6, 
which suggested that the same populations of gene 
loci are likely sampled in normal growth and 
after drug treatment. By contrast, these distribu- 
tions are distinct from the serum-activated cluster 
dynamics, which resulted in a coefficient of varia- 
tion two times larger (Fig. 4D). These results 
imply that the presence of Pol II clusters might 
depend on the presence of the preinitiation com- 
plex or initiating polymerases but not on elon- 
gation. We propose that such dynamic clustering 
of Pol II may play a role in facilitating and reg- 
ulating macromolecular complex assembly during 
the rate-limiting (4, 5, 22, 23) transcription pre- 
initiation and initiation steps (fig. S8). 

Protein clustering has been reported in many 
cellular processes, including DNA replication, 
DNA repair, mRNA splicing, ribosomal RNA syn- 
thesis, and signal transduction. In many cases, 
macromolecular complex assembly is identified 
as a rate-limiting step, and detailed kinetic char- 
acterization could help elucidate the regulatory 
mechanisms. The PALM-based approach devel- 
oped here can be broadly used for other proteins 
to study cellular processes with high spatial and 
temporal resolution, in vivo, with single-molecule 
sensitivity. 
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The Hologenomic Basis of Speciation: 
Gut Bacteria Cause Hybrid Lethality 
in the Genus Nasonia 


Robert M. Brucker?* and Seth R. Bordenstein?’2* 


Although the gut microbiome influences numerous aspects of organismal fitness, its role in animal 
evolution and the origin of new species is largely unknown. Here we present evidence that 
beneficial bacterial communities in the guts of closely related species of the genus Nasonia 

form species-specific phylosymbiotic assemblages that cause lethality in interspecific hybrids. 
Bacterial constituents and abundance are irregular in hybrids relative to parental controls, 

and antibiotic curing of the gut bacteria significantly rescues hybrid survival. Moreover, feeding 
bacteria to germ-free hybrids reinstates lethality and recapitulates the expression of innate 
immune genes observed in conventionally reared hybrids. We conclude that in this animal 
complex, the gut microbiome and host genome represent a coadapted “hologenome” that breaks 
down during hybridization, promoting hybrid lethality and assisting speciation. 


Ithough the gut microbiome influences 
Ams fitness traits in animals, little at- 

tention has been given to how the micro- 
biome is structured between closely related species 
and how the microbiome contributes to the origin 
of new species. By incorporating the microbiome 
into the biological species concept (/) and the 
Bateson-Dobzhansky-Muller model of hybrid in- 
compatibilities (2), theoretical evidence specifies 
that negative epistasis between host genes and 
the host microbiome can accelerate the evolution 
of hybrid lethality and sterility (3). 

We recently established that when environ- 
mental factors such as diet are controlled for, 
species of the Nasonia wasp complex harbor 
phylosymbiotic gut microbiotas—a term intro- 
duced here to denote microbial community rela- 
tionships that recapitulate the phylogeny of their 
host (4). Similar to phylogenomics, phylosymbio- 
sis asserts that the relationships of microbiomes 


1Department of Biological Sciences, Vanderbilt University, Nash- 
ville, TN 37232, USA. “Department of Pathology, Microbiology, and 
Immunology, Vanderbilt University, Nashville, TN 37232, USA. 


*Corresponding author. E-mail: bruckerm@gmail.com (R.M.B.); 
s.bordenstein@vanderbilt.edu (S.R.B.) 


www.sciencemag.org SCIENCE VOL 341 


across host species maintain an ancestral signal 
of the host's evolution. The phylosymbiotic signal 
could be a consequence of host immune genes 
that rapidly evolve in a continual arms race with 
components of the microbiome. 

We hypothesize that the phylosymbiotic gut 
microbiome within species breaks down in hybrids 
via epistatic interactions between the microbiome 
and nuclear and/or cytoplasmic genomes, leading 
to hybrid lethality. Using the parasitoid wasp genus 
Nasonia, we set out to experimentally determine 
the influence of the microbiome on hybrid lethality. 
The Nasonia genus consists of several species of 
haplodiploid parasitoid wasps that are readily 
hybridized. Nasonia vitripennis diverged approx- 
imately 1 million years ago from the ancestor of 
Nasonia giraulti and Nasonia longicornis, which 
themselves diverged less than 400,000 years ago 
(5). In the laboratory, all three species are reared 
on the fly host Sarcophaga bullata under iden- 
tical conditions. Nasonia offspring are oviposited 
by the mother inside the puparium of the fly, where 
the eggs develop to adulthood before emerging 
from the fly host in about 14 days. In the absence 
of Wolbachia infections, reciprocal crosses be- 
tween species produce fertile, diploid, F; hybrid 


females (6). However, hybrid lethality is observed 
in F, male offspring, because they are haploid 
recombinants of their grandparents. Interspecies 
crosses of N. vitripennis and N. giraulti or N. 
longicornis result in F, hybrid males exhibiting 
up to ~90% lethality during larval development, 
whereas N. giraulti and N. longicornis hybrids 
only exhibit ~8% hybrid lethality (6—/0). 

In this study, we scored the average number 
of hybrid and nonhybrid eggs, larvae, pupae, and 
adults produced by Nasonia females (n = 48 
females, each parasitizing one S. bullata host 
per developmental period) and determined that 
78% of hybrid lethality occurs between the 
first- and the fourth-instar (L4) larval stages (Fig. 
1A). There was a slight asymmetry in the num- 
ber of surviving N. vitripennis/N. giraulti and 
N. giraulti/N. vitripennis hybrids (the F, hybrid 
genotype denotes grandfather or grandmother), 
but the difference was not statistically significant 
(P = 0.36, Mann-Whitney U test). In contrast, hy- 
brids of the younger sister species NV. giraulti and 
N. longicornis exhibited little to no F, hybrid le- 
thality, as previously reported (6) (fig. S1A). The 
hybrid lethality between N. vitripennis and N. giraulti 
is often diagnosed by larval melanization—a prom- 
inent immune response to pathogens in arthropods 
(Fig. 1B). We postulated that because parental 
Nasonia species assemble phylosymbiotic gut mi- 
crobiomes (4) (Fig. 2), the melanization and 
lethality in larval hybrids result in part from al- 
tered gut microbiomes. 

First, we tested the hypothesis that bacterial 
community differences occur between larval hy- 
brids and nonhybrids during the L2 larval stage, 
just before the point of F, hybrid male lethality. 
We focused on the NV. vitripennis/N. giraulti hy- 
brid microbiota, because this genotype elicits 
elevated lethality as compared to the reciprocal 
cross; however, this asymmetry was insignificant 
in our experiments. As hypothesized, the micro- 
biota of N. vitripennis/N. giraulti hybrids was 
unlike that of either parental species in both 
bacterial abundance (Fig. 2B) and diversity (Fig. 
2C), whereas the negative control N. longicornis/ 
N. giraulti hybrids that survived (6) (fig. SLA) had 
a parental-like microbiota. Both hybridizations 
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had a substantial number of novel and rare op- 
erational taxonomic units (OTUs, P = 0.06, chi 
square test with Tates correction, fig. $3). The 
single major difference in the N. vitripennis/ 
N. giraulti hybrid microbiota was a shift in the 
dominant bacterial OTU from Providencia sp. 
IICDBZ10 in pure species controls (81 and 96% 
of the reads in N. vitripennis and N. giraulti, re- 
spectively) to Proteus mirabilis strain SNBS in 
the N. vitripennis/N. giraulti hybrid (86% of 
reads). These two species are natural residents of 
the Nasonia parental species. P. mirabilis SNBS 
is the dominant species in N. /ongicornis, and 
Providencia sp. IWCDBZ10 is the dominant spe- 
cies in N. vitripennis and N. giraulti. 

Second, to test whether the NV. vitripennis/N. 
giraulti F, lethality in hybrids is conditional on 
the microbiome, we reared conventional (on a 
normal S. bullata host), germ-free (without bacte- 
ria), and bacteria-inoculated (without bacteria 
first and subsequently inoculated with specific 
bacteria) hybrids and nonhybrids. For germ-free 
rearing of Nasonia, we used Nasonia rearing me- 
dium (NRM), a liquid medium that we recent- 
ly developed for culturing Nasonia without its 
S. bullata fly host (//). If hybrid lethality in larvae 
is intrinsically based on negative epistasis between 
host incompatibility genes, then the null hypoth- 
esis is that NV. vitripennis/N. giraulti and N. giraulti/ 
N. vitripennis hybrid lethality occurs regardless of 
germ-free or conventional rearing conditions. How- 
ever, if the lethality is conditional on the micro- 
biome, then we expect that germ-free rearing of 
hybrids will rescue hybrid lethality. 

A comparison of results indicates a near- 
complete rescue of hybrid lethality in germ-free 
hybrids relative to pure species controls under 
germ-free conditions (Fig. 1C, F’y 45 = 1.207, P= 
0.277 for N. vitripennis to N. giraulti/N. vitripennis, 
and F} 46 = 0.824, P = 0.369 for N. giraulti to 
N. vitripennis/N. giraulti). Therefore, hybrids that 
would typically show severe lethality under con- 
ventional rearing conditions exhibit a striking 
increase in survival. In a subsequent experiment, 
when F, female hybrids oviposited their F, male 
hybrid offspring into germ-free (GF) S. bullata 
fly hosts, there was also a marked increase in 
survival relative to hybrids that were reared on 
conventional (Cv) S. bullata fly hosts (fig. S1B). 
In contrast, in N. longicornis/N. giraulti and 
N. giraulti/N. longicornis hybrids, survival val- 
ues of germ-free hybrids and nonhybrid controls 
were expectedly high and similar to each other 
(fig. SLA, Mann-Whitney U test, P > 0.5). 

If the NRM generally increased survival, it 
should also affect nonhybrid survival as it would 
that of hybrids. However, average survival rates 
of controls decreased insignificantly on NRM. 
Further, germ-free hybrids that were reared on 
NRM inoculated with bacterial strains once again 
yielded higher lethality as compared to parental 
controls (Fig. 1C). The common Nasonia bacteria 
Providencia rettgeri strain ITTRP2 and Proteus 
mirabilis strain SNBS were isolated from parental 
Nasonia and added to germ-free NRM. Upon con- 
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suming a 1:1 inoculum of these bacteria, germ-free 
hybrids exhibited severe lethality in comparison 
to nonhybrids (Fig. 1C, Fi45 = 23.863, P < 
0.001) and at levels similar to those of conven- 
tionally reared hybrids (Fig. 1C, Mann-Whitney 
U test, P> 0.5). Furthermore, mono-inoculants of 
antibiotic-resistant (AR) P. rettgeri and Entero- 
coccus faecalis strain XJALT-127-2YG1 isolated 
from Nasonia, as well as green fluorescent protein 
(GFP)-expressing E. coli, also recapitulated sig- 
nificant hybrid lethality (fig. S1B, F146 = 36.372, 
P< 0.001, fig. S2A, Fi46 = 7.281, P < 0.01; see 
the supplementary text). 

The requirement of gut bacteria for interspe- 
cific hybrid lethality in Nasonia is remarkable given 
that several studies previously mapped quantita- 
tive trait loci with hybrid lethality to the wasp 
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chromosomes and mitochondria (5, 7, 8, /0). 
Indeed, marker transmission ratio distortion (MTRD) 
analyses in surviving Nasonia F2 hybrids dem- 
onstrate an allelic bias at several loci in the 
genome toward one parental genome, indicating 
that an incompatible allele from the other 
parental species contributes to hybrid lethality 
(5, 9-11). Based on our observation that germ- 
free hybrid Nasonia exhibit a significant increase 
in survival, we predicted that MTRD would re- 
vert to near-Mendelian inheritance ratios in the 
germ-free hybrids. We selected four markers— 
three within genomic regions associated with 
hybrid lethality and one control locus that is ex- 
pected to have 50:50 inheritance ratios—and geno- 
typed N. vitripennis/N. giraulti and N. giraulti/ 
N. vitripennis hybrid Nasonia L4 larvae. Larvae 
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Fig. 1. The symbiotic and genetic basis of hybrid lethality. (A) Average number of Fz males (tSEM) 
within the S. bullata host during development of the egg, L1 larvae, L4 larvae, yellow red-eye pupae, and 
eclosed adults conventionally reared on S. bullata hosts. The F2 hybrid genotype is indicated as paternaV 
maternal where v = N. vitripennis and g = N. giraulti. Mann-Whitney U test, **P < 0.001. n = 48 replicates 
per developmental stage. (B) (Top) WV. vitripennis L3 larva that is healthy and alive; (bottom) hybrid v/g L3 
larva that is melanized and dead. (C) Percent of survival (tSEM) from egg to pupae of conventionally 
reared (red), germ-free (blue), and inoculated (purple; germ-free individuals inoculated with Providencia 
and Proteus bacteria in the NRM) WN. vitripennis (v) and N. giraulti (g) parental species and hybrids. Mann- 
Whitney U test, **P < 0.001, Fy,4¢ = 23.863 and 12.962, ***P < 0.001, an average of triplicate experiments 
with n = 48 hosts for egg and pupae counts per conventional cross, and n = 24 wells containing 12 to 
42 larvae per germ-free and inoculated cross. (D) Average hybrid v/g gene expression relative to con- 
ventionally reared hybrids for the total genome, OXPHOS genes, and immunity genes (¢ test, **P < 0.001). 
RPKM denotes reads per kilobase per million mapped reads. Conventional n = 14, germ-free n = 20, and 
inoculated n = 20 individuals were sequenced and averaged. 
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reared conventionally yielded the expected dis- 
torted frequencies for each of the MTRD markers 
(5), whereas germ-free hybrids exhibited typ- 
ical Mendelian inheritance at all markers ex- 
cept for MM5.03 (table S1). A large bias against 
N. vitripennis alleles remained (a frequency of 
0.08), although the frequency was significantly 
higher from the MTRD under conventional rearing 
(N. vitripennis frequency of 0.20, Z test of pro- 
portions, P < 0.001). 

One explanation for a microbial basis for hy- 
brid lethality is that negative epistasis (mismatched 
gene-gene interactions) occurs between chromo- 
somal genes and the microbiome. These inter- 
actions can accelerate the number of potential 
hybrid incompatibilities under the Bateson- 
Dobzhansky-Muller model of genetic incom- 
patibilities (3). To better understand the mechanisms 
behind host-microbe interactions that underscore 
hybrid lethality, we compared the transcriptomes 
of germ-free L2 hybrid larvae with those of con- 


ventionally reared and bacteria-inoculated L2 
hybrid larvae (just before lethality). The genome- 
wide expression patterns and the oxidative phos- 
phorylation (OXPHOS) family of genes, a family 
thought to be causative in hybrid lethality, were 
similar across all three rearing conditions (Fig. 
1D and supplementary text). However, the 489 
innate immune genes in Nasonia that we pre- 
viously annotated (/2) yielded, on average, a sig- 
nificant decrease in transcript levels in germ-free 
individuals relative to conventional or inoculated 
hybrids (Fig. 1D, ¢ test, P < 0.001). Specifically, 
39.7% of the immune genes were underexpressed 
by twofold or greater in germ-free hybrids rela- 
tive to conventional and inoculated hybrids, and 
4.9% were overexpressed (fig. S4 and table $2). 
Conventionally reared and inoculated hybrids, in 
turn, have similar immune gene expression (Fig. 
1D, ¢ test, P= 0.104). However, it is important to 
note that immune genes may be only one of sev- 
eral possible functional categories that break down 
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Fig. 2. Phylosymbiosis and speciation in Nasonia. (A) Simplified phylogeny of Nasonia (bold lines) 
and S. bullata flies. N. vitripennis (v), N. giraulti (g), and N. longicornis (l). (B) A weighted, to abundance of 
each OTU, UniFrac cluster analysis depicting the microbial relationships of the three Nasonia species (bold 
lines) and two hybrids for the L2 larval microbiota, as well as the unparasitized Sarcophaga host pupa. The 
tip of each branch is a pie chart depicting the abundance of each genus of bacteria within the host insects. 
Genera of the top 10 most abundant bacterial genera are listed in the key. (C) An unweighted UniFrac 
cluster analysis depicting the microbial relationships; pie charts at the tip of each branch represent the 
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between the host and microbiome during hybrid 
lethality. 

Causes for the postzygotic hybrid lethality in 
Nasonia have traditionally been attributed to 
host cytonuclear interactions and host gene-by- 
environment interactions (7—/0). However, this 
study shows that severe hybrid lethality in lar- 
vae can also be due to gene-microbe interactions 
with beneficial members of the phylosymbiotic 
gut microbiome. In this light, the phylosymbiotic 
microbiome can be understood as an addition 
to the coadapted genomes of a host organism 
rather than an arbitrary amalgam. Linking the mi- 
crobiome and host genome underscores the holo- 
genome as a unit of evolution and blurs the lines 
between what biologists typically demarcate as 
the environment (/3) and the genotype of a spe- 
cies. Based on the mounting evidence for spe- 
ciation by symbiosis (3), it is becoming clearer 
that a unified theory of evolution that considers 
the nuclear genome, cytoplasmic organelles, and 
microbiome as interacting components in the 
origin of new species is an emerging frontier for 
biology. 
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Positive Feedback Between PU.1 
and the Cell Cycle Controls 
Myeloid Differentiation 


Hao Yuan Kueh,’* Ameya Champhekhar,” Stephen L. Nutt,” 


670 
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Regulatory gene circuits with positive-feedback loops control stem cell differentiation, but several 
mechanisms can contribute to positive feedback. Here, we dissect feedback mechanisms through which 
the transcription factor PU.1 controls lymphoid and myeloid differentiation. Quantitative live-cell 
imaging revealed that developing B cells decrease PU.1 levels by reducing PU.1 transcription, whereas 
developing macrophages increase PU.1 levels by lengthening their cell cycles, which causes stable 
PU.1 accumulation. Exogenous PU.1 expression in progenitors increases endogenous PU.1 levels by 
inducing cell cycle lengthening, implying positive feedback between a regulatory factor and the 

cell cycle. Mathematical modeling showed that this cell cycle—coupled feedback architecture effectively 
stabilizes a slow-dividing differentiated state. These results show that cell cycle duration functions 
as an integral part of a positive autoregulatory circuit to control cell fate. 


he transcription factor PU.1 is a central 
component of the regulatory gene network 
controlling lymphoid and myeloid devel- 
opment from hematopoietic progenitors (/—4). 
PU.1 is expressed at intermediate levels in pro- 
genitors, and its subsequent levels become a de- 
terminant of lymphoid and myeloid fate choices, 
with down-regulation of PU.1 required for B and 
T cell development and higher PU.1 levels favor- 
ing the development of macrophages or myeloid 
dendritic cells (5—8). 

Differential regulation of PU.1 during lymph- 
oid and myeloid development involves tran- 
scriptional positive feedback of PU.1 (9). PU.1 
positively regulates its own transcription in mye- 
loid cells and stem cells, but not in lymphoid cells 
(10-13), and forms additional positive-feedback 
loops through mutual inhibition with other hema- 
topoietic regulators (7, 14). Positive feedback can, in 
principle, generate multiple stable states with differ- 
ent levels of regulatory factors, possibly accounting 
for the observed differences in PU.1 levels. How- 
ever, it is unclear how PU.1 is regulated during 
myeloid or lymphoid development, what feedback 
mechanisms are involved, and why particular feed- 
back architectures may have been selected. 

PU.1 promotes growth in several progenitor 
types (/, 15), but also coordinates cell cycle ar- 
rest with differentiation in myeloid progeni- 
tors. Reduced PU.1 activity causes acute myeloid 
leukemia, where progenitors fail to initiate dif- 
ferentiation growth arrest (16-19); conversely, 
reexpression of PU.1 restores growth arrest 
(17, 20, 21). However, it is unclear whether PU.1’s 
effect on the cell cycle influences its ability to 
regulate its own levels and control differentiation. 
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In this work, we analyzed PU.1 and cell cy- 
cle regulation in individual cells during early 
macrophage and B cell development (Fig. 1A). 
We isolated fetal liver progenitors (FLPs, Lin- 
cKit'CD27’) from mice containing a bicistronic 
PU. 1—green fluorescent protein (GFP) knock-in 
reporter (2), cultured them with cytokines sup- 
porting B cell and macrophage differentiation, 
and analyzed PU.1-GFP levels over time by time- 
lapse imaging or flow cytometry (Fig. 1 and 
figs. Sl and $2) (22). PU.1-GFP levels varied 
linearly with nuclear PU.1 protein levels in this 
culture system (fig. S3). We found that progen- 
itors initially expressed PU.1-GFP at uniform 
levels but subsequently up- or down-regulated 
PU.1-GFP over time (Fig. 1, B to D, and fig. $4). 
Cells up-regulating PU.1-GFP expressed the mac- 
rophage markers CD11b and F4/80, but not the 
granulocyte marker Grl, and were also large and 
adherent, reflecting differentiation into macro- 
phages [Fig. 1, B and C (top right), and fig. S4]. 
In contrast, cells down-regulating PU.1-GFP ex- 
pressed the B cell marker CD19 and were also 
small and round, reflecting differentiation into 
B cells [Fig. 1, B and C (bottom right), and 
figs. S2 and S4). Developing granulocytes and 
persisting progenitor-like cells maintained PU.1- 
GFP levels similar to those of starting progenitors 
(Fig. 1B and fig. S4). Both macrophages and B 
cells preferentially developed from Fey receptor 
I/II (FeyR2/3)” FLPs, whereas FeyR2/3* FLPs 
mostly differentiated into granulocytes (fig. S5 
and see below). These results validate the use 
of our system for analyzing PU.1 regulation dur- 
ing B cell or macrophage differentiation. 

Changes in PU.1 levels during B cell or mac- 
rophage differentiation may result from changes 
in either the rate of PU.1 synthesis or the rate of 
PU.1 removal (Fig. 1E), which would occur pre- 
dominantly through dilution due to cell division 
(23, 24), as PU.1’s protein half-life is substan- 
tially longer than the progenitor cell cycle length 
(fig. S6). To determine how PU.1 levels were 


regulated, we measured PU.1 synthesis rates and 
cell cycle lengths for individual cells within de- 
fined progenitor, macrophage (Mac), and B cell 
populations (Fig. 1D and fig. S7). PU.1 synthesis 
rates could be measured by the slopes of stable 
PU.1-GFP increase over time [(Ap/At for an ob- 
served cell cycle; p, GFP or PU.1 protein; 7, time), 
Fig. 1E and fig. S7; fig. S8 shows GFP stability], 
independent of average PU.1-GFP levels. Although 
cell movement precluded comprehensive multi- 
generational tracking (fig. S9), we analyzed time- 
lapse movies that allowed accurate measurements 
of average cell cycle lengths and PU.1 synthesis 
rates for different cell populations. Progenitors 
comprised two subpopulations with higher and 
lower rates of PU.1 synthesis (Fig. 1, F and G). 
Switches between states with high and low PU.1 
synthesis rates were infrequent across cell divi- 
sion (Fig. 1G), suggesting that these states are 
maintained stably in most cells. Macrophages had 
more PU.1-GFP and PU.1 protein than any of the 
progenitors (Fig. 1H and fig. $3), as expected. 
Surprisingly, however, their PU.1 synthesis rates 
were not higher than that of the progenitor sub- 
population with high PU.1 synthesis rates (Fig. 1, 
F to H, and fig. S9). Instead, macrophages had 
significantly longer cell cycle lengths (Fig. 1, F 
to H, and fig. S9) and descended from ancestors 
with shorter cell cycle lengths but similar PU.1 
synthesis rates (Mac early, Fig. 1, F to H). Thus, 
developing macrophages increase their PU.1 lev- 
els by lengthening their cell cycles, which allows 
PU.1 to accumulate to higher levels. In contrast, 
emerging B cells had significantly lower PU.1 
synthesis rates than progenitors but similar cell 
cycle lengths (Fig. 1, F to H, and fig. S9). There- 
fore, unlike macrophages, B cells decrease PU.1 
levels by reducing PU.1 transcription. 

Increased PU.1 levels caused by cell cycle 
lengthening may be functionally important for 
macrophage differentiation or may simply reflect 
a consequence of differentiation growth arrest 
(Fig. 2A). To distinguish between these two pos- 
sibilities, we tested whether artificial cell cycle 
lengthening promotes myeloid differentiation in 
a PU.1-dependent manner. We induced cell cycle 
lengthening in FLPs by two different methods: 
either by retroviral transduction of cyclin-dependent 
kinase (CDK)-inhibitors p21“?! (Cdkn1a) or 
p27*'?! (Cdkn1b) (Fig. 2B and fig. $10) or by 
treatment with PD0332991, a CDK4/6 inhibitor 
(25) (Fig. 2, C and D). Induced cell cycle length- 
ening in progenitors increased PU.1-GFP and 
PU.1 protein levels and the percentage of myeloid 
cells, with these increases being most dramatic 
in the slowest-dividing cells (Fig. 2, B and C). 
This differentiation depended on PU.1 activity, 
because in cells transduced with a competitive in- 
hibitor of PU.1 (PU. 1-ets) (fig. S11), PD0332991 
treatment still increased PU.1-GFP, but no longer 
increased the fraction of CD11b-expressing cells as 
in empty vector (EV)+transduced cells (Fig. 2, C 
and D). These results suggest that PU.1 accumu- 
lation as a result of cell cycle lengthening is func- 
tionally important for macrophage differentiation. 
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To examine how positive transcriptional feed- 
back regulates PU.1’s own expression (/0—/3), 
we tested how PU.1 and dominant negative 
PU.1 transduction affected transcription of the 
PU.1-GFP reporter. Forced expression of PU. 1-ets 
in FLPs reduced PU.1-GFP levels (fig. S12), im- 
plying that a threshold level of PU.1 activity is 
important for maximal PU.1 expression. Con- 
versely, flow cytometry and imaging showed 
that exogenous PU.1 up-regulated PU.1-GFP 
and CD11b while inhibiting PU.1-GFP down- 
regulation and CD19 up-regulation (Fig. 3, A 
and B, and fig. $13). However, imaging analysis 
(Fig. 1E) showed that exogenous PU.1 expres- 
sion did not increase endogenous PU.1 synthesis 
rates; instead, it induced cell cycle lengthening in 
a subpopulation of progenitors, which led to the 
increase in PU.1-GFP levels (Fig. 3, C and D, 
and fig. S14). This cell cycle lengthening occurred 
preferentially in FeyR2/3" FLPs (fig. SSC), which 
accounted for most of the macrophage potential 
in the FLP population. Thus, high PU.1 levels 
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promote cell cycle lengthening in cells capable of 
generating macrophages, which, in turn, allows 
high PU.1 levels to be stably maintained. Taken 
together, our results provide evidence for a regula- 
tory circuit architecture involving positive feedback 
on a transcription factor through the cell cycle. 

Insight into cell cycle lengthening mecha- 
nisms emerged from analysis of regulatory gene 
expression in PU.1-transduced progenitors (Fig. 
3E). Consistent with PU.1 autoregulation through 
cell cycle lengthening rather than transcriptional 
acceleration, PU.1 transduction did not affect 
endogenous PU.1 mRNA levels, but it reduced 
the levels of cell cycle promoting factors cyclin 
D2 (Ccnd2) and Cdc25a. Consistent with other 
studies (26-28), exogenous PU.1 also reduced the 
levels of Myb and Myc, growth-promoting proto- 
oncogenes that are down-regulated during nor- 
mal differentiation. Exogenous PU.1 also reduced 
levels of p21 and Gfil, which can mediate quies- 
cence, although these are up-regulated by PU. 1 in 
stem cells (/3). Thus, the mechanisms underlying 


Cc 
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PU.1-mediated cell cycle arrest during macro- 
phage differentiation appear distinct from those 
operating in stem cell quiescence. 

How can positive feedback between PU.1 
and the cell cycle stabilize a slow-dividing mac- 
rophage state with high PU.1 levels? To address 
this issue, we constructed a stochastic single-cell 
dynamical model, where PU.1 inhibits the G,-to-S 
cell cycle transition above a threshold concentration 
(Fig. 4A, top). This model exhibits bistability, 
supporting both a fast-dividing, low-PU.1 state 
and a slow-dividing, high-PU.1 state (Fig. 4A 
and figs. S15 and $16). In our simple model, G, 
checkpoint release depends solely on PU.1 levels; 
during macrophage development, other regula- 
tory factors also promote checkpoint release and, 
thus, may regulate feedback engagement. Once 
the high PU.1 state is established, it is relatively 
stable compared with the corresponding state of a 
hypothetical pure transcriptional feedback system 
with similar parameters, which exhibits more fre- 
quent spontaneous switches between states due to 
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Fig. 1. Cell cycle lengthening drives PU.1 up-regulation during mac- 
rophage development. FLPs (Lin-cKit*CD27*) from embryonic day 13.5 
PU.1-GFP mice were cultured with B cell— and macrophage-supporting cyto- 
kines [stem cell factor (SCF), interleukin-3 (IL-3), IL-7, Flt3L, macrophage 
colony-stimulating factor] and analyzed with time-lapse imaging or flow 
cytometry. (A) Schematic showing myeloid and lymphoid development from 
hematopoietic progenitor cells. Mac, macrophage; Pro, progenitor, B, B cell. (B) 
Histograms (left) show PU.1-GFP levels measured after the indicated number of 
days in culture. Dotted lines give initial PU.1-GFP levels. Flow cytometry plots 
(right) show CD19, CD11b, and Gr-1 levels against PU.1-GFP after 6 days. (C) 
Merged differential interference contrast (gray) and PU.1-GFP fluorescence 
(green) images of cultured FLPs, taken after the indicated number of hours. 
Cells with PU.1-GFP time traces shown in (F) are marked with correspondingly 
colored arrowheads. Scale bar, 20 um. (D) Heat map showing PU.1-GFP levels 
over time for all imaged cells. Rectangles define progenitor, macrophage, and 
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B cell populations. (E) Alternative hypotheses for PU.1-GFP up-regulation in 
macrophages. The PU.1 synthesis rate for a single cell is given by Ap/At over 
the entire observed cell cycle. (F) Representative single-cell PU.1-GFP time 
traces for different cell populations. Data are taken from lineages shown in 
fig. S9. Horizontal lines give PU.1-GFP level thresholds for the defined cell 
populations. a.u., arbitrary units. (G) Histogram (top) showing distribution of 
PU.1 synthesis rates in progenitors. Scatter plot showing the relation between 
PU.1 synthesis rates in mother versus daughter cells. Horizontal and vertical 
lines indicate the threshold for progenitor subpopulations with higher and 
lower rates of PU.1 synthesis. (H) Plots comparing mean PU.1-GFP levels (top), 
PU.1 synthesis rates (middle), and cell cycle lengths (bottom) in different cell 
populations. Red crosses indicate box-plot outliers. Bottom error bars represent 
95% confidence intervals. Asterisks indicate significantly different means (P < 
10°’, one-tailed t test). Data are representative of three independent experi- 
ments. WV, number of cells. 
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Fig. 2. PU.1 accumulation due to cell cycle lengthening is important 
for myeloid differentiation. (A) Two hypotheses for the function of high 
PU.1 levels in differentiating macrophages. (B) FLPs were transduced with EV, 
p21, or p27; cultured for 4 days; and analyzed by flow cytometry. Histograms 
(top) show CellTrace Violet (CTV) (Invitrogen, Carlsbad, California) and PU.1-GFP 
levels for different transduced populations. The gray shaded area indicates a 
slow-dividing cell gate. Flow plots (bottom) show CD11b versus PU.1-GFP levels 


for different transduced cell populations. Percentages of cells in each quadrant 
are shown. (C) FLPs transduced with EV or PU.1 antagonist (PU.1-ets) were cul- 
tured for 3 days with or without 2.1 uM CDK4/6 inhibitor PD0332991 and ana- 
lyzed by flow cytometry. Flow plots show CellTrace Violet (top) or CD11b (bottom) 
versus PU.1-GFP for the different conditions. (D) Effects of PD0332991 and 
PU.1-ets transduction on the percentage of myeloid cells. Bars represent means 
of two independent experiments, and circles give individual measurements. 
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transduced progenitors, showing the percentage of 


slow dividing cells (top), maximal PU.1-GFP levels (middle), and PU.1 synthesis rate (bottom) for both the entire PU.1-transduced progenitor population oe 
slow-dividing progenitors alone. Red crosses indicate outliers. Asterisks indicate significantly different means (percent slow dividing, P < 0.05, x’ test, df = 
maximal PU.1-GFP, one-tailed t test, P < 0.005). Data are representative of two independent experiments. NV, number of cells. (E) EV- or PU.1- eine 
FcyR2/3'™ FLPs were cultured for 2 days, harvested for RNA, and analyzed with quantitative real-time polymerase chain reaction. Bar chart shows mRNA level 
fold change for the indicated genes in PU.1-transduced cells compared with EV-transduced cells. Bars represent the means of two independent experiments, 
and circles represent individual measurements (*P < 0.1; **P < 0.01; two-tailed t test). UTR, untranslated region. 


larger, more rapid protein fluctuations (fig. $17) 
(22). Taken together, these results show how cell 
cycle—-coupled feedback provides a simple mech- 
anism to support multiple stable states that ex- 
hibit different rates of cell division. 

Besides cell cycle-coupled feedback, cells also 
contain PU.1 transcriptional feedback, which ap- 
pears to take effect at lower PU.1 levels (fig. S12). 
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When both feedbacks are incorporated simul- 
taneously, the model can generate three stable 
steady states with low, medium, and high levels 
of PU.1 corresponding to the pro-B, progenitor, 
and macrophage populations, respectively (Fig. 4, 
B and C). Because of its lower PU.1 threshold, 
transcriptional feedback allows developing B cells 
to down-regulate PU.1 while maintaining similar 


rates of division, consistent with observations. We 
propose this dual feedback system as a working 
model for further study of PU.1 regulation during 
lymphoid and myeloid development. 

Could cell cycle—coupled feedback operate 
in other systems? A similar type of bistability 
was recently observed in a bacterial synthetic 
cell cycle-coupled feedback circuit (29). In the 
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Fig. 4. A cell cycle—coupled feedback loop stably maintains a slow-dividing differentiated state. 
(A) Schematic of a cell cycle—coupled positive-feedback loop (top) and time traces from stochastic 
simulations of this circuit architecture (bottom), showing four cells with different initial PU.1 levels but 
identical rate constants. (B) Schematic of a hybrid cell cycle—coupled transcriptional positive-feedback 
circuit (top) and stochastic simulations of this architecture (bottom), showing maintenance of three 
stable, steady states. (C) Phase diagrams for the two circuit architectures, showing PU.1 synthesis rates 
(black, hybrid; constant thin gray, cell cycle—coupled), as well as dilution rate and cell-division rate 
(same for both models) against PU.1 levels. Red, gray, and blue circles denote B cell, progenitor, and 
macrophage steady states, respectively. Arrows indicate the flow of the system. A thorough analysis and 


discussion of all models is given in the supplementary mathematical appendix (22). 


context of cell differentiation, other fate regu- 
lators have also been shown to promote cell cycle 
arrest (30). Although some transcription fac- 
tors are notoriously short-lived (e.g., Fos), recent 
studies have found that many mammalian pro- 
teins are stable over multiple cell cycles (23, 24), 
and other regulatory proteins may resemble PU.1 
in this respect. Moreover, induced cell cycle 
lengthening is known to promote differentiation 
in other systems (3/, 32), suggesting that mech- 
anisms based on accumulation of stable fate 
regulators during cell cycle arrest may be more 
prevalent. Where cell fate decisions depend on 
the balance between two factors with different 
stabilities, such as PU.1 and the unstable C/EBPa 
(33, 34), cell cycle speed may act as a tiebreaker, 
with cell cycle slowdown favoring the more stable 
factor and acceleration favoring the less stable one. 
In general, our results imply a mutual regulatory 
relationship between the cell cycle and transcription 
factor activities in cell differentiation, and similar 
relationships may affect other processes that in- 
volve cell cycle length changes, such as cancer. 
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T Follicular Helper Cell Dynamics 
in Germinal Centers 


Ziv Shulman,’ Alexander D. Gitlin,’ Sasha Targ,* Mila Jankovic,’ Giulia Pasqual,’ 
Michel C. Nussenzweig,”?*t Gabriel D. Victora’*t 


T follicular helper (T;4) cells are a specialized subset of effector T cells that provide help to and thereby 
select high-affinity B cells in germinal centers (GCs). To examine the dynamic behavior of T,y cells 

in GCs in mice, we used two-photon microscopy in combination with a photoactivatable fluorescent 
reporter. Unlike GC B cells, which are clonally restricted, T- cells distributed among all GCs in 
lymph nodes and continually emigrated into the follicle and neighboring GCs. Moreover, newly 
activated T; cells invaded preexisting GCs, where they contributed to B cell selection and plasmablast 
differentiation. Our data suggest that the dynamic exchange of Try cells between GCs ensures 
maximal diversification of T cell help and that their ability to enter ongoing GCs accommodates 


antigenic variation during the immune response. 


tion by selecting B cells to enter the ger- 


T cells play a pivotal role in affinity matura- 
minal center (GC), regulating GC positive 


selection, and directing B cell differentiation to 
plasma cells and memory B cells (/—6). These 
events are orchestrated by a specialized population 
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of GC-resident T follicular helper (GC-Tyy) cells 
that develop in concert with GC B cells (7—/3). 
Tru Cells express the chemokine receptor CXCRS, 
the CD28 family members ICOS and PD-1, the 
transcription factor Bcl-6, and the cytokines 
interleukin-4 (IL-4) and IL-21; many of these 
are required for GC B cell survival and differ- 
entiation (7). Less is known about the dynamic 
properties of Ty; cells and how they might 
affect GC B cell selection. 

To document the kinetics of T cell expansion 
and localization during the GC reaction, we ex- 
amined whole-mounted lymph nodes by means of 
two-photon laser scanning microscopy (TPLSM) 
(74, 15). In agreement with previous reports (/6), 
large numbers of antigen-specific T cells were 
found in the T cell zone 3 days after immuniza- 
tion with 4-hydroxy-3-nitrophenylacetyl-ovalbumin 
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(NP-OVA). T cells then spread throughout the 
lymph node, including B cell follicles and nas- 
cent GCs, by day 5 (Fig. 1A). T cells began to 
concentrate in GCs only after 8 to 11 days (Fig. 
1A), coinciding with the peak of T cell help to 
GC B cells (5). Thus, unlike B cell clones, which 
are thought to expand in a confined microana- 
tomical region to produce pauciclonal GCs 
(17, 18), responding T cells are initially evenly 
distributed throughout the entire lymph node 
and accumulate in GCs only after they have 
coalesced. 

Try and GC-Try cells are commonly defined 
on the basis of functional properties and expres- 
sion of cell surface markers (8, 79) rather than 
anatomical localization. To verify the correspon- 
dence between surface phenotype and micro- 
anatomical location, we used photoactivatable 
green fluorescent protein (PAGFP) to label cells 
within spatially restricted areas (3). Flow cyto- 
metric analysis of photoactivated OT-II T cells 
(fig. S1, A to C) showed that CXCRS5 and PD-1 
expression were highest among T cells physically 
inside the GC and lowest among T cells in the 
paracortex, whereas T cells in the follicle outside 
the GC showed intermediate levels of expres- 


sion of these molecules (Fig. 1, B and C, and 
fig. S1D). In contrast, ICOS expression was com- 
parable in all three locations (Fig. 1, B and C, and 
fig. S1D). Similar results were obtained by pho- 
toactivation of endogenous polyclonal T cells 
(fig. S2). Thus, although CXCRS and PD-1 ex- 
pression can be used to distinguish between 
GC-Tpy and paracortical T cells, they cannot be 
used to definitively distinguish follicular Tpy 
cells from either of these populations. 

To determine whether GC-T fy cells, like their 
B cell counterparts, are clonally restricted within 
individual GCs (/7, 78), we immunized mice that 
had received a mixture of OT-II T cells expressing 
one of three fluorescent proteins and visualized 
GCs 10 days after immunization (Fig. 2A). As 
suggested by our initial observations, the pro- 
portion of T cells of each color within individual 
GCs was constant across all GCs in the same 
lymph node, indicating that T cells are not clo- 
nally restricted within GCs (Fig. 2, A and B, and 
fig. S3A). 

This pattern of T cell distribution might result 
from initial colonization by multiple clones and/or 
from T cell exchange between GCs. To examine 
the first of these possibilities, we analyzed early 
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Fig. 1. Expansion kinetics and anatomical distribution of T;,, cells 
during germinal center formation. (A) Left: 3 x 10* GFP* OVA-specific T 
cells (OT-II) and 1.5 x 10° tdTomato* B1-8" B cells (corresponding to 1.5 x 10° 
Iga*, NP-specific B cells) were transferred into wild-type mice 1 day before 
subcutaneous immunization with NP-OVA in alum. Popliteal lymph nodes were 
explanted at 0, 3, 5, 8, and 11 days after immunization and subjected to whole— 
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lymph node scanning by TPLSM. Collapsed Z-stacks (total volume 50 to 100 1m; 
5-11m steps) are shown. Scale bars, 300 um. Right: Quantitation of T cell density 
and density ratio (proportion of T cells within GC to T cells outside of GC) in two 
independent experiments. (B and C) Expression of T-, markers on PAGFP* OT-II T 
cells photoactivated in different lymph node regions, as described in fig. $1. Each 
symbol represents one experiment. gMFI, geometric mean fluorescence intensity. 
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GCs. GC-T ry cell distribution was homogeneous 
across GCs even at the earliest observable time 
point, which suggests that individual GCs are 
indeed colonized by several distinct T cell clones 
(Fig. 2C and fig. $3, B and C). We confirmed 
this by transferring a much smaller number of 
T cells (3 x 10* total T cells per mouse) at a 
19:1 ratio of GFP:DsRed cells (fig. S4), as well 
as by reconstituting T cell receptor B—deficient 
mice with mixtures of genetically labeled poly- 
clonal CD4' T cells (fig. S5). In both cases, T cells 
were evenly distributed across GCs after immuni- 
zation (figs. S4 and S5). Thus, we find no evi- 
dence that GC-Tpy cells are clonally restricted to 
individual GCs; instead, GCs appear to be colo- 
nized by a heterogeneous population of T cells 
representing all responding T cell clones. 

To determine whether GC-Tpy cells can also 
exchange between GCs by migration, we im- 
aged these cells by TPLSM. Short-term intra- 
vital movies showed that GC-Tyy cells occasionally 
migrated out of GCs (movie S1). Whether these 
emigrants are in fact leaving the GC rather than 
making a transient foray into the follicle could 
not be determined because of constraints in 
the duration of conventional intravital imaging 
movies (20). 


Fig. 2. GC-T,, cells in individ- 
ual germinal centers are not P 
clonally restricted. (A) A total 
of 3 x 10° OT-II T cells expressing 
CFP, GFP, or DsRed (~10° of each 
color) and 3 x 10° to 5 x 10° 
nonfluorescent B1-8" B cells 
(corresponding to 3 x 10° to 5 x 
10° Igi*, NP-specific cells) were 
transferred into wild-type recip- 
ients 1 day before subcutaneous 
immunization with NP-OVA in 
alum. Draining lymph nodes 
were explanted 10 days later 
and imaged by TPLSM. Follicular 
dendritic cell networks were la- 
beled by injection of a mixture 
of NP-tdTomato and NP-YPet 
(orange). Central image shows 
a collapsed Z-stack, 50 um deep 
(10-uum steps), of a whole lymph 


node containing multiple GCs, Sree e OTLII-CFP 


magnified in the outer panels. 
Scale bars, 300 um (large panel), B 
50 um (side panels). (B) Quan- 


A_ Day 10 post immunization 


Day 10 post immunization 


To observe GC-Tyy cell migration for longer 
periods, we photoactivated PAGFP-OT-II Try 
cells within single GCs (fig. S6A). Photoactivation 
did not alter the motility of PAGFP* OT-II Try 
cells relative to controls (movie S2), and, because 
GC-Tpy cells were in G, phase (fig. S6B), acti- 
vated PAGFP was not diluted by cell division, 
allowing for long-term cell tracking. Immediately 
after photoactivation, PAGFP* OT-II Ty; cells were 
restricted to the targeted region (fig. S6C). In con- 
trast, ~20 hours after activation, 32% of photo- 
activated GC-Tyy cells were found outside the 
original GC (Fig. 3, A and B). Emigrating cells 
were found almost entirely within neighboring 
follicles and other GCs, and only very rarely 
(1 cell out of 487 analyzed) in the T cell zone 
(Fig. 3B, fig. S6D, and movie $3). Consistent 
with their near-absence from the T cell zone, 
we could detect only a very small number of 
photoactivated cells in the blood or pooled distal 
lymphoid organs of mice examined 36 hours 
after photoactivation (1 to 4 cells per mouse, 
seven mice in three independent experiments; 
fig. S6E). Transfer of PAGFP* OT-II T cells 
before priming with OVA did not substantially 
alter GC size or the ratio of T cells to B cells in 
the GC (fig. S6, F and G). Thus, GC-Tpy cell 


ry 


C_ Day 5 post immunization 


emigration to the follicle and neighboring GCs 
cannot be attributed to a nonphysiological den- 
sity of Try cells. 

To determine the phenotype of emigrant 
GC-Try cells, we microdissected lymph nodes 
into two fragments, one of which contained the 
original photoactivated GC (Fig. 3C and fig. S7, 
A and B). Immediately after activation (0 hours), 
the lymph node fragment contralateral to the ac- 
tivated GC contained no photoactivated cells 
(fig. S7C). In contrast, after 24 hours, photo- 
activated cells corresponding to GC-Tpy cells 
that had emigrated from the original GC could 
also be found in the nonphotoactivated half of 
the lymph node (Fig. 3C). In agreement with the 
lymph node scans (Fig. 3A), emigrant GC-Tpy 
cells remained phenotypically similar to authentic 
GC-Try cells, although expression of PD-1 and 
CXCRS was slightly decreased (Fig. 3C and fig. 
S7, D and E). We conclude that GC-Tyy cells emi- 
grate and redistribute throughout the follicles and 
to neighboring GCs, but only rarely leave the fol- 
licle to enter circulation in the time frame analyzed. 

The exchange of T cells between GCs sug- 
gested a hitherto unappreciated dynamic equi- 
librium between T cells in the follicles and in 
different GCs. We reasoned that if GCs are in fact 
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REPORTS 


Fig. 3. GC-T,,, cells exchange 
between neighboring germinal 
centers. (A) GCs containing OT-II 
PAGFP* Try cells were generated as 
in fig. S6A, and the light zone of 
a single GC was photoactivated 
within a living mouse. Central im- 
age shows a collapsed Z-stack of 
the cortical half (depth 250 um) 
of a whole—lymph node scan taken 
~20 hours after photoactivation. Out- 
er panels (i-vi) are high-magnification 
images of the regions indicated in 
the center panel; panel vii shows 
the original photoactivated GC. 
Scale bars, 300 um (center pan- 
el), 20 um (panels i to vi), 30 um 
(panel vii). Green spots are placed 
over photoactivated OT-II T cells in 
low-magnification panels to im- 
prove visualization. (B) Quantita- 
tion of three experiments as in (A) 


e 
(95, 184, and 208 photoactivated - _ 
cells analyzed in three independent e 
experiments). Each color represents 

one experiment. Average distance 10 


covered by photoactivated cells was 
334 um; the farthest 10% of cells 
traveled on average 790 um. (C) 
Single GCs in popliteal lymph nodes 
containing PAGFP* OT-II Try cells 
were photoactivated in vivo as in 
(A), then explanted and dissected 
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as shown in fig. $6. Flow cytometry plots show PD-1 and CXCR5 expression in emigrant GC-Ty cells (pooled data from two mice). Data are representative of 


five mice from three independent experiments. 


open to Try cell exchange, then newly activated 
T cells may also be able to join an ongoing GC 
reaction. To examine this possibility, we transferred 
GFP-expressing OT-II cells into wild-type recip- 
ients that were then primed with OVA to induce 
OT-II expansion. These mice then received B1-8" 
cells expressing cyan fluorescent protein (CFP— 
B1-8"' cells) and were immunized with NP-chicken 
gamma globulin (CGG) in alum to produce GCs 
in which endogenous CGG-specific T}; cells pro- 
vide help for CFP-B1-8" cells. The immunized 
mice were then boosted subcutaneously with sol- 
uble NP-OVA to trigger invasion of these GCs 
by OT-II cells (fig. S8A). Before the boost, 
small numbers of GFP—OT-II cells were found 
scattered throughout the T cell zone, occasion- 
ally entering existing GCs for brief periods (Fig. 4A, 
fig. S8B, and movie S4). One day after immu- 
nization, GFP” cells could be seen proliferating 
in foci of T and B cells at the follicle-T zone 
border (Fig. 4A and movie S5). By day 3 after 
boost, GFP-OT-II T cells were found throughout 
the lymph node follicles and within preexisting 
GCs (Fig. 4A and movie S6). All GCs evaluated 
contained invading GFP—OT-II T cells, indicating 
that these cells were indeed entering existing GCs 
rather than producing GCs de novo. Accordingly, 
control mice boosted with NP-OVA without pre- 
immunization with NP-CGG had no GCs at this 
time point (fig. S8C). Over time, GFP—OT-II T 
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cells began to accumulate progressively within 
GCs, so that by day 11 after boost, the newly 
activated T cells were mostly concentrated inside 
these structures (Fig. 4A, fig. S8B, and movie 
S6), interacting actively with GC B cells (Fig. 4B 
and movie S7). Therefore, ongoing GCs are open 
to invasion by newly activated Tp, cells. 

To determine whether invading Try cells 
contribute to the GC reaction, we measured their 
ability to provide help to B cells selectively ex- 
pressing high levels of cognate peptide—major 
histocompatibility complex (pMHC) by using an 
antibody to DEC-205 (encoded by Ly75) fused to 
OVA (aDEC205-OVA) to target antigen to GC 
B cells (3, 4). OVA-specific GC-Tpy cells were 
induced to invade a CGG-specific GC containing 
a mixture of 85% Ly75’ CD45.1/2 and 15% 
Ly75*'* CD45.1/1 B1-8" B cells, and cognate 
pMHC expression was artificially increased on 
the Ly75** B cells by injection of aDEC205- 
OVA (fig. S8D). Whereas phosphate-buffered 
saline (PBS) or control antibody had no effect, 
injection of ~DEC205-OVA resulted in selective 
and marked expansion of the Ly75" but not 
Ly75’ GC B cells, and an increase in plasma- 
blast frequency by nearly an order of magnitude 
(Fig. 4, C and D). We conclude that T cells that 
invade ongoing GCs actively participate as helper 
T cells and positively select B cells expressing 
high levels of pMHC. 


Boosting ongoing NP-CGG-specific GCs 
with NP-OVA (as detailed in Fig. 4A) resulted 
in a factor of 5 increase in the proportion of GC B 
cells 5 days after boost (from 0.9 to 5.1%), 
whereas the proportion of transferred to endog- 
enous B cells remained constant (Fig. 4E). Thus, 
GC invasion by newly activated Try cells can 
augment ongoing GC reactions. 

Physical restriction of responding B cells to a 
single GC minimizes competition between B cells 
in different GCs, thereby preventing the immune 
response from converging on a single dominant 
clone (2/). In contrast, free movement of Try 
cells between GCs may be advantageous, in that 
it ensures diversified and robust support for B cell 
clonal expansion and affinity maturation (22-24). 
Thus, diversity in the antibody response ap- 
pears to be favored by restricting B cell clones 
to single GCs while exposing them to a mullti- 
plicity of different T cell clones that transit be- 
tween different GCs. 

In addition to polyclonal colonization and dy- 
namic exchange between GCs, newly activated 
T cells can also enter ongoing GCs. This raises 
the possibility that T cells that are activated late 
in the immune response can join and potential- 
ly prolong the GC reaction. Such a feature may 
be an important advantage in responding to chron- 
ic infections and/or pathogens that diversify their 
antigenic epitopes during infection, such as HIV. 
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Fig. 4. Newly activated T,,, cells can enter ongoing germinal center 
reactions. (A) Kinetics of invasion of ongoing GCs by newly activated T cells 
as described in fig. S8A. Top: Montage showing whole—lymph node TPLSM 
scans. Collapsed Z-stacks are 90 um deep (pre and day 1) or 40 um deep 
(days 3 to 11). GCs containing CFP* B1-8" B cells (blue) and NP-tdTomato— 
coated follicular dendritic cells (red) are circled with dotted lines. Green 
spots are placed over GFP* T cells to improve visualization. Background out- 
side lymph nodes was deleted. Bottom: Higher-magnification images of GCs 
circled in yellow in the top panel. Scale bars, 0.5 mm (top), 100 um (bottom). 
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(B) Time series showing cognate T cell—B cell interactions in an invaded GC on 
day 11 after boost. Scale bar, 20 um. (C and D) Recipient mice were treated 
with «DEC205-OVA or PBS 6 days after NP-OVA boost as outlined in fig. S8D. 
Flow cytometry plots show proportion of Ly75*”* and Ly75~ B1-8" GC B cells 
(C) or percentage of plasmablasts among all single cells (D) 3 days after 
oDEC205-OVA treatment. (E) Flow cytometry plots comparing the proportion 
of GC cells (B220*Fas*CD38 ) in mice treated as outlined in fig. S8E or 
receiving PBS instead of the NP-OVA boost at day 0. The rightmost panels 
show means + SEM of two or three experiments. 
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uniform temperatures. 

Eppendorf 

For info: 800-645-3050 | www.eppendorf.com/thermomixer-c 


REAGENT RESERVOIRS 

An extensive range of reagent reservoirs are available for 96-well and 
384-well multichannel pipetting systems. Adopting a standard SBS/ 
SLAS footprint—the extended range of reagent reservoirs (100 mL and 
300 mL) are fully compatible with all liquid handling systems including 
Integra’s VIAFLO 96 and VIAFLO 384 Handheld Multichannel Elec- 
tronic Pipettes. Individual pyramidal indentations (96 or 384) in each 
reagent reservoir allow maximum liquid recovery when using the VIA- 
FLO 96 and VIAFLO 384 electronic pipettes as well as other platforms. 
VIAFLO multichannel reagent reservoirs are both economically and en- 
vironmentally friendly because users can reuse the reservoir base and 
dispose of the reservoir inserts. These reagent reservoirs are also de- 
signed to nest within one another without sticking and come in compact, 
space-saving packages. 

Integra Biosciences 

For info: +41-(0)-81-286-95-30 | www.integra-biosciences.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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Get more from your AAAS membership 


Are you currently registered to receive e-mails from AAAS and Science? 


E-mail is the primary way that AAAS communicates with our members 
about AAAS programs, new member benefits, invitations to special 
events, and, of course, the latest news and research being published 
in Science. 


Sign up today to receive e-mails from AAAS and ensure that you are 
getting the most out of your membership and Science subscription.” 


To get started visit: promo.aaas.org/stayconnected 
You’ll need your AAAS Member number. Find it above your name on 
your Science mailing label. 


Don’t miss a thing. Sign up for e-mail communications from AAAS today! 


MVAAA 


*AAAS follows CAN-SPAM and European Safe Harbor guidelines for protecting your privacy. We will never sell your e-mail address and you can opt-out of receiving e-mails at any time. 


~ Our cytokines and growth factors 
are just the tip of the iceberg. 


Explore beneath the surface with Signal Transduction reagents from R&D Systems. 


Antibody Arrays from R&D Systems shed light on research. 
Proteome Profiler™ Antibody Arrays are used in 60% of all published phospho-array studies. 
Uncover relationships between multiple signaling pathways. Reveal off-target inhibitor 


responses. Collect data in the same manner as a traditional immunoblot. 


ERK1/2 Akt 


Untreated G MEK Inhibitor, EGF 


Visit our website for a video protocol and a full EGF phosphorylation profile 
with inhibitor screens that reveal intriguing results. 


RnDSystems.com/Iceberg 
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|| 
wi SOUTHWESTERN 
MEDICAL CENTER 
FACULTY RESEARCH POSITIONS in 
Pathology 


Assistant, Associate, or Full Professor 
University of Texas Southwestern Medical Center 


The Department of Pathology at UT Southwestern 
(UTSW), invites applications for two tenure-track 
faculty positions from scientists (M.D., M.D.-Ph.D., 
or Ph.D.) with a demonstrated ability to lead an in- 
dependent, funded research program in cancer, immu- 
nology, stem cell biology, or neuroscience. Generous 
salary, startup packages, and laboratory space will be 
provided. UTSW offers a highly collaborative environ- 
ment, outstanding research infrastructure and dynamic 
translational opportunities. 

Applicants should submit a cover letter, curriculum 
vitae, a statement of research interest, and three letters of 
reference to e-mail: dorothee.staber@utsouthwestern. 
edu. 

UT Southwestem Medical Center is an Affirmative Action/Equal 
Opportunity Employer. Women, minorities, veterans, and individuals 
with disabilities are encouraged to apply. 


ASSISTANT PROFESSOR 
Bryn Mawr College, Department of Biology 


The Department of Biology invites applications for a 
full-time, beginning tenure-track Assistant Professor 
position in the area of ecological modeling to begin on 
August 1, 2014. We are searching for a broadly trained 
individual who approaches central questions in ecology 
from a computational or modeling perspective and uses 
such techniques as key components of an active research 
program involving undergraduates. The successful can- 
didate is expected to teach at all levels of the curricu- 
lum and establish an externally funded research program 
that provides rigorous collaborative research projects for 
undergraduates. Teaching responsibilities will include 
participation in Introductory Biology, a general course in 
computational modeling in the sciences, and advanced 
undergraduate courses in ecological modeling. Involve- 
ment in the College’s minor in Environmental Studies 
is encouraged. A Ph.D. and at least one year of post- 
doctoral research experience are required. Submit by 
October 4, 2013, a cover letter, curriculum vitae, re- 
search statement, and teaching philosophy that includes 
a short description of potential courses to be offered to 
Ecological Search Committee, c/o Jodi Jacoby, Depart- 
ment of Biology, 101 N. Merion Avenue, Bryn Mawr, 
PA 19010. In addition, arrange to have three letters of 
recommendation sent to the same address. 

Bryn Mawr College is an Equal Opportunity Employer; minority 
candidates and women are especially encouraged to apply. 


ACADEMIC PROFESSIONAL 


The Department of Chemistry at Georgia State Uni- 
versity anticipates hiring an Academic Professional be- 
ginning in the fall 2013, pending budgetary approval. 
Duties will include: (1) Coordination of general and 
organic chemistry labs as well as laboratory manual re- 
visions and updates; (2) maintain chemical inventory 
and provide oversight of laboratory facilities; (3) serve 
as instructor of certain lecture and laboratory courses; 
and (4) provide training and supervision of student and 
graduate assistants. Instruction of lecture and laboratory 
courses, not to exceed 50% of total effort. Ph.D. in 
chemistry or related field required. Strong background 
in organic chemistry, and college level teaching experi- 
ence preferred. The salary range is $50,000 to $60,000. 
Applicants should submit curriculum vitae and state- 
ment of teaching philosophy, and arrange for three 
letters of recommendation to be sent to: Academic 
Professional Search Committee, Department of Chem- 
istry, Georgia State University, POB 4098, Atlanta, 
GA 30302-4098. Open until filled. An offer of em- 
ployment will be conditional upon background verifi- 
cation. Georgia State University, a research University of the 
University System of Georgia, is an Affirmative Action/Equal Em- 
ployment Opportunity Employer. 
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POSITIONS OPEN 


Yale University 
School of Medicine 


RESEARCH ASSOCIATE in 
Pain Studies 


Position available for an experienced pain researcher 
to join a multidisciplinary research program exploring 
molecular pathophysiology of painful neuropathies. M.D. 
and/or Ph.D. degree, and experience in molecular biol- 
ogy, transgenic mouse technology and animal behavior 
with publications, are required. Experience with analysis 
of DRG neurons, immunohistochemistry, small animal 
surgery, and viral platforms for gene transfer are desir- 
able. See Dib-Hajj et al., Nature Rev. Neuro. 14:49-62, 
2013 and Samad et al., Mol. Therapy 21:49-56. Superb 
opportunity for a skilled scientist to work collabora- 
tively with molecular geneticists, molecular and cell 
biologists, physiologists, and pharmacologists in a 
highly collaborative, interactive program. Send letter 
of interest, curriculum vitae, and three letters of ref- 
erence to: Stephen G. Waxman, M.D., Ph.D. (e-mail: 
stephen.waxman@yale.edu) or Sulayman D. Dib-Haj, 
Ph.D. (e-mail: sulayman.dib-hajj@yale.edu). 


TENURE-TRACK FACULTY POSITION 
Georgia Institute of Technology 
School of Chemistry and Biochemistry 
Atlanta, GA 30332-0400 


The Georgia Institute of Technology, School of Chem- 
istry and Biochemistry seeks to fill one or more tenure- 
track faculty positions. The areas of emphasis are 
Biochemistry, Chemical Biology, and Organic Chemis- 
try, but candidates from all areas will be considered. 
Georgia Tech is particularly focused on growth in the 
life sciences, biosciences, and energy and sustainability. 
Exceptional candidates at all levels are encouraged to 
apply. Candidates with interdisciplinary research pro- 
grams may be considered for joint appointments with 
other campus units. Candidates for appointment at the 
assistant professor level should submit an application 
letter, curriculum vitae, and a summary of research plans, 
and arrange for submission of three letters of reference. 
Candidates for advanced levels should submit an appli- 
cation letter, curriculum vitae, and the names of three 
references. All materials and requests for information 
should be submitted electronically, as per the instruc- 
tions found at website: https: //academicjobsonline. 
org/ajo/jobs/2881. 

The application deadline is September 16, 2013 with 
application review continuing until the positions are 
filled. Georgia Tech is an Equal Education/Employment Oppor- 
tunity Institution. 


ASSISTANT PROFESSOR 


The Lymphoma Research Program at the University 
of Nebraska Medical Center and Eppley Cancer Center 
is recruiting a faculty member at the rank of assistant 
professor. The lymphoma program has a large patient 
population with a comprehensive clinical and pathology 
database and extensive tissue resources to support basic 
and translational research. The focus of the program is 
on lymphoma biology and pathogenesis with the trans- 
lational goal of biomarkers and therapeutic target discov- 
ery. The assistant professor should have a Doctorate 
degree and postdoctoral experience in lymphoma re- 
search. He/she is expected to be a highly creative sci- 
entist with a track record of outstanding lymphoma 
research and a promising line of future investigation. 
State-of-the-art laboratories and core facilities are avail- 
able to researchers. Applicants should submit curricu- 
lum vitae, summary of research experiences, and three 
reference contacts to website: http://jobs.unmc.edu/ 
postings/16328. Individuals from diverse backgrounds are 
encouraged to apply. 
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FLORIDA 
INTERNATIONAL 
UNIVERSITY 


Chair for the Department of 
Human and Molecular Genetics 


Florida International University is a comprehensive university offering 340 majors in 188 degree 
programs in 23 colleges and schools, with innovative bachelor’s, master’s and doctoral programs across 
all disciplines including medicine, public health, law, journalism, hospitality, and architecture. FIU is 
Caregie-designated as both a research university with high research activity and a community- 
engaged university. Located in the heart of the dynamic south Florida urban region, our multiple 
campuses serve over 50,000 students, placing FIU among the ten largest universities in the nation. Our 
annual research expenditures in excess of $100 million and our deep commitment to engagement have 
made FIU the go-to solutions center for issues ranging from local to global. FIU leads the nation in 
granting bachelor’s degrees, including in the STEM fields, to minority students and is first in awarding 
STEM master’s degrees to Hispanics. Our students, faculty, and staff reflect Miami’s diverse 
population, earning FIU the designation of Hispanic-Serving Institution. At FIU, we are proud to be 
“Worlds Ahead’! For more information about FIU, visit fiu.edu. 


The Herbert Wertheim College of Medicine (HWCOM) seeks an internationally-recognized individual 
with an outstanding record of scientific achievement, grant support, scholarly accomplishments and 
mentoring as its new Chair of the Department of Human and Molecular Genetics. FIU, which is 
located in the City of Miami, is the only public urban research university in South Florida and is the 
gateway to South and Central America. The HWCOM is a new medical school which has just 
graduated its first medical class and received full LCME accreditation. The college is seeking to 
expand its base of basic science, translational and clinical research. 

Minimum qualifications include an advanced degree (M.D., Ph.D. or equivalent) in the area of genetics 
and be eligible for full professorship with tenure. The ideal candidate will have a widely recognized 
international reputation in the area of human and molecular genetics and a record of continuous grant 
support. Certification by the American Board of Medical Genetics is desired but not obligatory. This is 
a wonderful opportunity for a new leader to present a vision for the growth of the department. As part 
of the FIU strategic plan for cluster hires in targeted areas, the new Chair will be responsible for 
building and maintaining a group of faculty with high-quality funded research programs who would 
participate in research, graduate and medical education. The successful candidate will be provided with 
substantial space and funds for her/his research program and associated cluster hires. 

Qualified candidates are encouraged to apply to Job Opening ID (506329) at http://careers.fiu.edu and 
attach letter of interest, curriculum vitae and listing of three professional references in a single pdf file. 


FIU is a member of the State University System of Florida and is an 
Equal Opportunity, Equal Access Affirmative Action Employer. 


The Department “Development and Regeneration” at the 
KU Leuven combines academicians involved in embryology 
and stem cell biology, human reproduction and sexuality, 
pre-and postnatal development and regenerative medicine. 
(https://gbiomed.kuleuven.be/dep/devreg). 


We currently have 2 full-time academic vacancies: 


Assistant or associate professor in pluripotent stem cell biology. 
(Ref. ZAP-2013-225) 

To expand our basic research program, we aim to recruit an excellent 
basic scientist with focus on signals and their molecular mechanisms of 
action that govern pluripotency versus differentiation, with preference 
for studying the ground state of pluripotent stem cells as well as 
their derivatives, such as epiblast stem cells or extraembryonic cells. 
Ideally, the candidate also co-develops systems biology approaches 
that rely on transcriptomics, epigenetics and/or proteomics in 
a cell system of choice (https://icts.kuleuven.be/apps/jobsite/ 
vacatures/52485861). 


Assistant or associate professor with focus on endogenous tissue 
responses (Ref. ZAP-2013-224) 

Within regenerative medicine, interactions between grafts and 
host are increasingly important. The endogenous tissue responses 
towards cell therapy, in particular with stem cells, or transplantation, 
determine the structural and functional outcome of the intervention. 
The department wishes to develop specific expertise unifying 
immunology and stem cell biology to further expand knowledge of 
development and regeneration. (https://icts.kuleuven.be/apps/ 
jobsite/vacatures/52485852) 


You can apply for these positions no later than February 28, 2014 via 
the KU Leuven online application tool: http://www.kuleuven.be/ 
personeel/jobsite/en/senior. 

Full selection procedure: http://www.kuleuven.be/personeel/ 
jobsite/en/senior-info#selection 


Tufts 


UNIVERSITY 


TENURE TRACK FACULTY POSITION 
MICROBIOLOGY 


The Department of Biology at Tufts University invites applications for a tenure- 
track Assistant Professor in Microbiology. We seek a creative scholar with 
primary expertise in comparative or functional genomics, ecology of microbial 
populations, or genome evolution of microbial communities. Someone with the 
ability to work on multiple biological scales, ranging from the molecular to the 
community, is preferred. The successful candidate will use modern research 
techniques of computational genomics to address fundamental questions in 
evolution and ecology. We seek a scientist who will complement and add to our 
strengths, allowing new collaborations and synergistic research to occur within 
our department as well as across departments. The Biology department has 
expertise in genome structure and function, genome evolution, and the physiol- 
ogy and ecology of host organisms (see http://ase.tufts.edu/biology/). 


The candidate will develop an active externally funded research program involy- 
ing graduate and undergraduate students. Instructional duties will include an 
undergraduate microbiology course and an associated microbiology laboratory 
course, as well as contributions to other undergraduate or graduate courses 
based on the expertise and interests of the new faculty member. A clear com- 
mitment to teaching excellence at the undergraduate and graduate levels is 
essential. Doctoral degree, post-doctoral experience and a record of research 
productivity are required. 


To Apply: Applicants should use the link https://secure.interfolio.com/apply/ 
21916 to submit a cover letter, curriculum vitae, and separate statements of 
(1) research interests and plans and (2) teaching experience and philosophy. 
Submission of 1-3 selected reprints in PDF format is encouraged. Applicants 
should also ensure that three confidential letters of reference are submitted to 
this link. Review of applications begins October 1, 2013, and continues until 
the position is filled. 


Tufts University is an Affirmative Action/Equal Opportunity Employer. 
We are committed to increasing the diversity of our faculty. Members of 
underrepresented groups are strongly encouraged to apply. 


&, UNIVERSITE 
= DE GENEVE 


The Faculty of Science of the University of Geneva invites applications 
for the position of 


PROFESSOR 
In Plant Biology 
(Full, Associate or Assistant with Tenure Track) 


JOB DESCRIPTION : We seek applicants with a record of excellence in 
research, who have proven their ability to develop and apply novel 
concepts in the general area of plant molecular and cellular biology. The 
successful candidate is expected to lead a strong, independent research 
program and attract external funding. 

The position is full time and includes 4 to 6 hours per week of teaching 
spread across different courses and seminars at the Bachelor and Master 
level, as well as overseeing and directing the research of undergraduate 
and graduate students. 

He/she will also take care, if necessary, of administrative duties linked 
with the Department of Botany and Plant Biology and the Faculty of 
Science. 


ACADEMIC TITLE AND EXPERIENCE REQUIRED : 
PhD degree or a title judged equivalent; 

Experience in leading a research team and teaching; 
Publications in international journals. 


STARTING DATE : April 2014 or a date to be agreed. 


Applications must be posted online by September 30th 2013, on the 
Geneva University website: https://jobs.icams.unige.ch where this 
advert and the job description can be viewed. 

No hard copies will be accepted. 


The University of Geneva is an equal opportunity employer and 
encourages applications from female candidates. 
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wf NATIONAL INSTITUTES OF HEALT 
The NIH Intramural Research Program is Recruiting 
Tenure-Track “Earl Stadtman Investigators” 


The National Institutes of Health, the U.S. government’s premier biomedical and behavioral research enterprise, is 
pleased to announce its fifth annual call for “NIH Earl Stadtman Investigators,” a broad recruitment of tenure-track in- 
vestigators for all NIH intramural programs. Scientific discoveries from our intramural laboratories, with their extensive 
infrastructure and critical mass of expertise, have a crucial role in both maintaining America’s research excellence and 
advancing medical treatments and cures. 


Come join the team whose hallmarks are stable funding, intellectual freedom, shared resources, and access to a wide range 
of scientific expertise. We seek creative, independent thinkers eager to take on high-risk, high-impact research. A fantastic 
array of early-career scientists already have been hired through the “Stadtman” recruitment in the last four years. 


A variety of basic and translational/clinical positions are available, with areas of active recruitment including (but not 
limited to): Biochemistry, Biomedical Engineering, Biophysics, Biostatistics, Cancer Biology, Cell Biology, Cell Me- 
tabolism, Chemical Biology, Chromosome Biology, Circadian Biology, Computational Biology, Developmental Biology, 
Epidemiology, Genetics, Genomics, Health Disparities, Hearing & Balance, Immunology, Infectious Diseases, Micro- 
biology, Molecular Pharmacology, Neurodevelopment, Neurosciences, Sensory Biology, Structural Biology, Systems 
Biology, Toxicology, Translational Research, and Virology. 

Who we are: Among our approximately 1,100 principal investigators and 5,000 trainees are world-renowned experts in ba- 
sic, translational, and clinical research. Our strength is our diversity in pursuit of a common goal, to alleviate human suffering 
from disease. Similar to academia, we offer our scientists the opportunity to mentor outstanding trainees at all levels (e.g., 
graduate students and postdoctoral fellows) in a research setting. 


Whom we seek: For this broad, trans-NIH recruitment effort, we seek talented, early-career scientists with a clear and cre- 
ative research vision who wish to contribute to the nation’s health. 


Qualifications/eligibility: Candidates must have an M.D., Ph.D., D.D.S./D.M.D., D.V.M, D.O., R.N./Ph.D., or equivalent doc- 
toral degree and have an outstanding record of research accomplishments as evidenced by publications in major peer-reviewed 
journals. Applicants may be in early stages of their research careers or non-tenured early-to-mid career scientists. Appointees 
may be U.S. citizens, resident aliens, or non-resident aliens with, or eligible to obtain, a valid employment-authorization visa. 


How to apply: Applicants must submit four items: (1) a CV; (2) a three-page proposal titled Research Goals, i.e., the research 
you hope to perform at the NIH; (3) a one-page statement titled Long-term Research Vision and Impact, i.e., what you hope 
to achieve for yourself, your field, and society; and (4) contact information for three professional references. Submit these 
through our online application system at http://tenuretrack.nih.gov/apply between August 1 and 11:59 p.m. EDT October 1, 
2013. You will be asked to designate a primary and secondary scientific area of expertise to aid in assigning your applica- 
tion to the appropriate review committee. Requests for letters of recommendation will be sent to your references when you 
submit your application. Reference letters will be accepted via upload to the website until 11:59 p.m. EDT October 15, 2013. 
We cannot accept paper applications. 


What to expect: Search committees of subject-matter experts will review and evaluate applicants based on publication record, 
scientific vision and potential scientific impact of current and proposed research, demonstrated independence, awards, and 
references. The committees will identify the most highly qualified candidates to invite to the NIH for a lecture in November or 
December 2013, open to the NIH scientific staff, and for subsequent interviews with the search committees. Search commit- 
tee chairs and NIH Scientific Directors, who lead our intramural programs, will identify finalists for possible recruitment as Earl 
Stadtman Investigators. Candidates not selected as finalists can be considered for other open NIH research positions. The 
entire process from application review to job offer may take several months, depending on the volume of applications. 


We call upon individuals who will open our eyes to possibilities we haven’t yet envisioned, to complement our scientific 
mission and enhance our research efforts. More information about our program is at http://irp.nih.gov. The inspiring story 
of Earl and Thressa Stadtman’s research at the NIH is at http://history.nih.gov/exhibits/stadtman. Specific questions re- 
garding this recruitment effort may be directed to Dr. Roland Owens, Assistant Director, NIH Office of Intramural Research, 
at owensrol@mail.nih.gov. DHHS and NIH are Equal Opportunity Employers. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 
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DANA-FARBER 


CANCER INSTITUTE 


Research Fellow 
T Cell Receptor Biology 


Seeking a postdoc to participate in an exciting 


Are you currently registered to receive e-mails from AAAS and Science? 


E-mail is the primary way that AAAS communicates with our members about 
AAAS programs, new member benefits, invitations to special events, and, of 
course, the latest news and research being published in Science. 


Sign up today to receive e-mails from AAAS and ensure that you are getting 
the most out of your membership and Science subscription.” 


To get started visit: promo.aaas.org/stayconnected You'll need your AAAS 
Member number. Find it above your name on your Science mailing label. 


Don’t miss a thing. Sign up for e-mail communications Science 


from AAAS today! 


*AAAS follows CAN-SPAM and European Safe Harbor guidelines for protecting your privacy. 
We will never sell your e-mail address and you can opt-out of receiving e-mails at any time. 


new area of T cell receptor (TCR) biology 
involving mechanotransduction. The ideal 
candidate should have excellent skills in 
biochemistry, molecular biology and T cell 
functional studies including transfection of T 
cells, cell growth and functional analysis as 
well as flow cytometry. 


Research Fellow 
HIV-1 Development 


A postdoc position is available in the area 

of HIV vaccine immunology with the goal to 
modulate B cell selection and ultimately elicit 
high affinity, broadly neutralizing antibodies. 
A strong scientific background with emphasis 
on B cell and molecular immunology is 
required. 


Please send your CV, a brief summary of 
research experience and names of three referees 
to: Ellis Reinherz, MD, Professor of Medicine, 
Harvard Medical School and the Department 
of Medical Oncology, Dana-Farber Cancer 
Institute, 77 Avenue Louis Pasteur, 

HIM 419, Boston, MA 02215; 

Email: ellis_reinherz@dfci.harvard.edu. 


Dana-Farber Cancer Institute is an Affirmative 
Action/Equal Opportunity Employer — committed 
to diversity and inclusion in our workforce. 


The University of Georgia 


Georgia Research Alliance Eminent Scholar in 
Emerging and Zoonotic Pathogen Research 


The University of Georgia, College of Veterinary Medicine, Department of 
Infectious Diseases is seeking applications for a Georgia Research Alliance 
Eminent Scholar in Emerging and Zoonotic Pathogen Research. A renowned 
scientist will be recruited to lead an infectious diseases research and devel- 
opment program with organisms of high public health impact potential. 
This Eminent Scholar position will be supported by annual income from an 
endowment exceeding $1.5 million, 9-months of salary supported annually, 
and features a start up package commensurate with the prestige of this pre- 
eminent position. Available to support this program are newly renovated 
facilities including ACL3 space, and state-of-the-art BSL3, ABSL3 and 
BSL3-Ag animal and human health research laboratories at the Animal 
Health Research Center (http://www.vet.uga.edu/AHRC). The successful 
candidate will be an outstanding scholar with an established externally funded 
research program. In addition, candidates with demonstrated leadership in 
developing inter- or multi-disciplinary programs are especially encouraged 
to apply. Successful applicants are anticipated to possess a PhD in fields 
including virology, bacteriology, parasitology and immunology, and greater 
than six years of research experience. A DVM or MD, while desirable, is not 
required for this position. 


Applications will be accepted until October 1, 2013. Interested applicants 
should submit cover letter, curriculum vitae and the names of three profes- 
sional references by email (elafon10@uga.edu) to Dr. Eric Lafontaine, 
Chair, GRA Scholar Search Committee, Department of Infectious 
Diseases, 501 DW Brooks Drive, University of Georgia, Athens, GA 
30602. All materials will be handled with strict confidentiality. Georgia 
is well known for its quality of life both outdoors and urban activities 
(www.exploregeorgia.org). 


The University of Georgia (www.uga.edu) is a land grant/sea institution 
located 75 miles northeast of Atlanta, and is an Affirmative Action and 
Equal Opportunity Employer. 
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ISTFELLOW: Call for Postdoctoral Fellows 


Are you a talented, dynamic, and motivated scientist looking for an 

opportunity to conduct research in the fields of BIOLOGY, COMPUTER SCIENCE, 
MATHEMATICS, PHYSICS, or NEUROSCIENCE at a young, thriving institution that 
fosters scientific excellence and interdisciplinary collaboration? 


Apply to the ISTFellow program. Deadlines March 15 and September 15 


www.ist.ac.at/istfellow 


ISTFELLOW is partially funded 
by the European Union 
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Biodiversity & Ecosystem Services 
Call for Synthesis Research Proposals 
Application Deadline: September 30, 2013 


The U.S. National Socio-Environmental Synthesis Center (SESYNC, 
www.sesync.org) and two German national research centers—the 
Helmholtz Centre for Environmental Research (UFZ, www.ufz.de) 
and the Synthesis Centre for Biodiversity Sciences (sDiv, www.idiv- 
biodiversity.de) within the German Centre for Integrative Biodiversity 
Research—are pleased to announce a joint trans-Atlantic socio- 
environmental synthesis activity on “Biodiversity and Ecosystem 
Services.” 


Collaborative funding is available for synthesis projects that bring 
together data, ideas, theories, or models to address a critical socio- 
environmental question at the interface of biodiversity and ecosystem 
services. Proposals are welcome from investigators whose home 
institutions are anywhere in the world. 


All three centers are dedicated to investigating pressing environmental 
issues involving complex human-nature interactions and global 
change and to developing sustainable solutions to these issues. Funded 
projects will receive support in: travel/logistic, group facilitation, 
cyberinfrastructure, geospatial analysis, and outreach/communications. 


Details and submission instructions: 
www.sesync.org/bio-ess 
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Presidential Endowed Chair in Health and Biomedicine 
Lehigh University 


The Department of Biological Sciences at Lehigh University invites applications 
and nominations for a Presidential Endowed Chair in Health and Biomedicine. 
Applicants must hold a Ph.D. or M.D. degree and should be qualified for faculty 
appointment at the rank of Full Professor with tenure. The successful candidate 
will have a distinguished record in biomedical research, including significant 
external support, demonstrated leadership skills, and a strong commitment to 
graduate and undergraduate education. The position carries an expectation of 
scholarly and administrative leadership. As part of these responsibilities, the 
successful applicant will be expected to assume the Department Chair’s position 
within two years of their appointment. 


Lehigh’s Biological Sciences Department includes 19 faculty with additional 
growth anticipated. Current faculty research interests span molecular, cellular 
and developmental biology, neuroscience, evolution and animal behavior. The 
department has Ph.D. programs in Integrative Biology, Biochemistry and 
Cell/Molecular Biology, a Distance Education M.S. program in Molecular 
Biology and the largest undergraduate major constituency within the college 
of Arts and Sciences. 

Applications, including a C.V., letter of intent, description of administrative 
experience and philosophy, and the names of three potential references should 
be submitted to https://academicjobsonline.org/ajo/jobs/2641. For additional 
information contact Dr. Lynne Cassimeris, Search Committee Chair, Biologi- 
cal Sciences, 111 Research Dr., Bethlehem, PA 18015, inbios@lehigh.edu. 
For more information about the department: www.lehigh.edu/~inbios. The 
deadline for submission is October 7, 2013. 

Lehigh University is an Equal Opportunity Affirmative Action Employer. 
Lehigh University provides comprehensive benefits including partner benefits. 
Lehigh University is a recipient of an NSF ADVANCE Institutional Transfor- 
mation award for promoting the careers of women in academic sciences and 
engineering. 

The College of Arts and Sciences at Lehigh is especially interested in qualified 
candidates who can contribute, through their research, teaching, and/or service, 
to the diversity and excellence of the academic community. 


online @sciencecareers.org 
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AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScilenceCareers.org in search of the information, advice, and 
opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically 
for scientists. With hundreds of career development articles, webinars and downloadable booklets filled with practical 
advice, a community forum providing answers to career questions, and thousands of job listings in academia, govern- 
ment, and industry, Science Careers has helped countless individuals prepare themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not 
a member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers W\ AAA + U = A 


AAAS is here — promoting universal science literacy. 


In 1985, AAAS founded Project 2061 with the goal of helping all Americans become literate in science, mathematics, and 
technology. With its landmark publications Science for All Americans and Benchmarks for Science Literacy, Project 2061 set out 
recommendations for what all students should know and be able to do in science, mathematics, and technology by the time they 
graduate from high school. Today, many of the state standards in the United States have drawn their content from Project 2061. 


Every day Project 2061 staff use their expertise as teachers, researchers, and scientists to evaluate textbooks and assessments, 
create conceptual strand maps for educators, produce groundbreaking research and innovative books, CD-ROMs, and profes- 
sional development workshops for educators, all in the service of achieving our goal of universal science literacy. 


As a AAAS member, your dues help support Project 2061 as it works to improve science education. If you are not yet a AAAS 
member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/project2061 MVAAA + U = A 


Women in Science Booklet 


Science and the L’Oréal Foundation present 


WOMEN: IN»SCIENCE 


Read inspiring profiles of women 
making a difference in biology. 


